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Abstract
Wearable robots are used to assist or perform human-like motions. A teleoperated
robot is used to transmit the motion from a specific point to another. Teleportation
can be delivered through a passive or active system. Body-powered wearable robots
(BPWRs) use passive teleoperated manipulation to transmit the power between different
limbs where the power transmission between limbs needs to be at the top speed and
force efficiency. Rehabilitation is one of the applications of BPWRs since they promise
a portable, low-power, and safe interface. The active rehabilitation robots suffer from
poor patient engagement due to motor slacking, where the user relies mostly on the
motor to accomplish the task. BPWR is a passive alternative to let the users feel more
active by using their own bodies to power the system. BPWR can also be used for
surgical, performance amplifying, and puppeteering purposes.
Hydraulics is a viable choice for wearable robots due to its high stiffness, light weight,
and capability of having a variable transmission ratio. Hydraulic components usually
operate inefficiently at low pressures due to viscous losses. Due to the safety concerns,
low-pressure hydraulics is preferable in applications where the device has interaction
with the human body. Efficient components and analytical models to describe their
performance are needed to be incorporated in these systems.
In this work, I present highly efficient and consistent components to be used in a
wearable device. Furthermore, I propose analytical models to facilitate a better under-
standing of the components. A variable hydraulic transmission design is presented to
provide a high number of unique transmission ratios. The valves in the system set a
configuration in actuators’ connectivity and vary the transmission ratio between joints.
The proposed design requires low energy to switch the transmission ratios in a com-
pact and wearable embodiment. I introduce a model for losses across the transmission
to allow system-level understanding of the system. A superposition of mechanical and
hydraulic losses is used to find the loss in the system with a hydraulic analogy. Models
described in this work are validated with experimental tests.
Soft robots are embodied to an antagonist transmission due to their conformity.
A novel bone-inspired bending soft robot is introduced to be used in a teleoperated
ii
antagonist transmission setup. Higher stiffness and natural frequency are achieved in
the bone-inspired bending soft robots compared to traditional bending soft robots. I
propose experimentally validated dynamic and geometrical models to understand the
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1.1 Introduction and Applications
Wearable robots assist individuals in making human-like movements. A body-powered
wearable robot (BPWR) is a passive system in which an exoskeleton transmits the power
of one or multiple body segments to other segments (Figure 1.1). The efficiency of the
transmission needs to be maximized for BPWR. BPWR is targeted for performance
increasing, surgical instruments, puppeteering devices, and rehabilitative applications.
In a passive setup, the external energy depicted in Figure 1.1 is to supply power to
electrical components like sensors. The concept of a body-powered wearable robot on
the body for rehabilitation purposes is depicted in Figure 1.2.
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Figure 1.1: A body-powered wearable robot block schematic.
Figure 1.2: A body-powered wearable robot concept.
The human-robot interaction can be handled by an external force or an internal
force system. In an external force system, the exoskeleton moves the human body and
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the power transmission is between the limb, exoskeleton, and the environment (Figure
1.3 left). In an internal force system, body segment power is transmitted to the other
segments by the exoskeleton (Figure 1.3 right). Power transmission is between the limbs
and the exoskeleton in the internal force systems [7]. BPWR robots work on the internal
force principle.
Figure 1.3: Schematic representation of external force (left) and internal force (right)
exoskeletal systems.
1.2 Research Objectives
The objectives of this thesis were to:
1- Demonstrate through analytical modeling that variable hydraulic transmissions
are sufficiently efficient to be used in a BPWR application.
2- Validate the results of objective 1 by experimental measurements in a testbed.
3- Demonstrate that a BPWR with a hydraulic transmission that contains soft robots
is efficient enough for purposes required conformity.
For objective 1, I used hydraulic principles to mathematically model hydraulic
components and hydraulic circuits to evaluate the variable hydraulic transmission for
3
BPWR.
For objective 2, I designed and built a benchtop hydraulic testbed with a hydraulic
transmission connected to two lever arms as input and output. The hydraulic trans-
mission was capable of providing 14 unique transmission ratios. I developed a new type
of long-stroke rolling diaphragm (LSRD) cylinder that showed promise for this appli-
cation. A digital valve with low pressure drop, low power consumption, high response
time, and lightweight was designed to be used in this testbed.
For objective 3, I evaluated a passive hydraulic and pneumatic transmission with
bending soft robots. Natural frequency, stiffness, and trajectory planning of the trans-
mission were modeled and verified through experimental setups.
1.3 Prior Art
Wearable robots may operate alongside limbs, categorized as exoskeletons and orthoses,
or as substitutes for missing limbs that are categorized as prostheses [7]. There is a
power transmission between the exoskeleton and body in wearable robots.
Some examples of wearable robots are shown in Figure (1.4). Sankai and his team
developed (HAL)-5, an exoskeleton concept aimed at both performance increasing and
rehabilitative purposes [8, 9]. The flexion-extension in each joint was powered by a DC
motor placed at the joint [10] (Figure 1.4 middle). Hydraulics power-to-weight density
advantage was used in the Hydraulic Ankle-Foot Orthosis at University of Minnesota
[3]. With the power supply worn at the waist and the hydraulic cylinders at the ankles,
high force was being transmitted to the ankles to allow a smooth walking cycle (Figure
1.4 right) [11]. One of the earliest BPWR was discribed in a U.S. patent granted in 1890
to Yagn (Figure 1.4 left) [1]. Two long bow springs were used to operate in parallel to
the legs to enhance running and jumping [10].
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Figure 1.4: Some examples of wearable robots; Yagn’s running aid (left) (Image from
[1]), HAL-5 exoskeleton (middle) (Image from [2], and hydraulic ankle-foot orthosis
(right) (Image from [3])
Body-powered exoskeletons were used in different upper and lower limb rehabilita-
tion applications [12, 13]. Bowden cables were used in an upper limb body-powered
robot for people with limited power in arms [14, 15] (Figure 1.5a). Soft McKibben mus-
cles were used in an upper limb rehabilitation robot to increase conformity [16] (Figure
1.5b).
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(a) Image from [14]. (b) Image from [16].
Figure 1.5: Some examples of upper-limb wearable robots. (a) body-powered robot us-
ing Bowden cables to transmit power. (b) A wearable robot using soft robotic McKibben
muscles.
The body-powered rehabilitation devices and externally powered ones were evaluated
in multiple studies [17, 18, 19]. In one study, the subjects had higher muscle activation
levels in a body-powered device than an externally powered robot due to reduced motor
slacking . Motor slacking happens when the human motor system reduces the activation
level, and in this case, the human motor system relies on the external power [20]. Passive
servo brakes were evaluated in a passive human-robot interaction setup for rehabilitation
[21].
Hydraulic transmission is a viable choice for wearable robots because of its high
stiffness, lightweight, capability of having a variable transmission ratio, and the fact
that the power can be transmitted through small and flexible conduits. A variable
transmission enables the system to have a wide range of speed or flowrate and to operate
close to the peak power and efficiency.
Several actuation types have been used in wearable robots, from hydraulics to elec-
trical [22, 23]. The current actuation modes in rehabilitation robots are hydraulics,
pneumatics, motor, and SEA (series elastic actuator) . Linear and rotary hydraulic ac-
tuators have been used on joints in multiple exoskeletons [24, 25, 26]. Rotary hydraulic
6
actuators with higher leakage and friction compared to the linear actuators were used
in a wearable robot [2, 27, 28].
Hydraulic actuation with an electrical hydraulic power supply was used in BLEEX
exoskeleton (Figure 1.6) to support up to 75 Kg of load with a walking speed of 0.9 m/s
[4, 29, 30].
Figure 1.6: Design of the BLEEX exoskeleton. Image from [4].
Antagonist passive leader-follower transmissions have been used in needle insertion
in MRI-compatible devices [31, 32]. Active actuation (hydraulic or electric) requires a
motor or pump, and force and position sensors for haptic feedback to the user [33, 34, 35].
In this case timely techniques are required for real-time position tracking [36]. Another
active pneumatic actuation with long transmission lines was used for needle driving [37].
Another study compared hydrodynamic and pneumatic actuation in MRI-compatible
teleoperated robots and found smoother movement and better position control with
hydrodynamic actuation [38]. High efficiency actuators like rolling diaphragm hydraulic
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cylinders were proposed to increase the haptic feedback [39, 36]. A low-friction passive
hydrostatic transmission equipped with rolling diaphragm cylinders had high bandwidth
(>300 Hz) and forces as low as 0.1 N were detectable through the transmission [40, 41].
Teleoperated robots can also be used in human-robot interaction [42, 43]. The
passive and active mechanisms were used for that purpose. A parallel rigid mechanism
to provide a leader-follower movement was suggested in a study [44]. A low-friction
hydraulic transmission with rolling diaphragm cylinders was used to statically balance
a serial robot with remote counterweights [45]. An antagonist hybrid transmission
was used in a teleoperated robot for human-robot interaction through puppeteering
[5] (Figure 1.7). Furthermore, the biological similarities of the soft robots and their
conformity, compliance, and safety make them a viable option to be used in human-
robot interaction [46].
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Portions of this chapter were published in Hashemi and Durfee, Low friction, long-stroke
rolling diaphragm cylinder for passive hydraulic rehabilitation robots. In Frontiers in
Biomedical Devices (Vol. 40672, p. V001T05A016). American Society of Mechanical
Engineers. April 2017, Hashemi and Durfee. U.S. Patent Application No. 16/551,330.
2020, and Hashemi, Mitchell, and Durfee. Experimentally Validated Models for Switch-
ing Energy of Low Pressure Drop Digital Valves for Lightweight Portable Hydraulic
Robots. In Fluid Power Systems Technology (Vol. 59339, p. V001T01A023). American
Society of Mechanical Engineers. October 2019.
Hydraulic fluid power systems are known for their high power density. Hydraulic
actuators are commonly used in mechanical systems, and actuator efficiency is one of
the most significant factors in these systems [47]. Hydraulic actuators have high stiffness
and small position error. A hydraulic cylinder converts hydraulic power to mechanical
power and is the most common actuator for hydraulic systems. Friction and leakage of
the cylinders are the most important factors in determining force and volume efficiencies
of hydraulic systems. Efficient cylinders designed for low-pressure hydraulics are being
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Figure 2.1: Three common cylinder types a) O-ring b) gap seal c) rolling diaphragm.
utilized in various applications, from rehabilitation robotics [48, 49] and puppeteering
[50] to remote MRI needle insertion [41].
Wearable rehabilitation robotics is one of the hydraulic actuators applications. In
our variable hydraulic transmission, hydraulic cylinders deliver the power extracted from
the driver joint to the driven joint (Figure 1.2).
O-ring seal, rolling diaphragm, and gap seal cylinders are three technologies that
have been used in hydraulic systems. O-ring cylinders use an O-ring seal between
the piston and cylinder. Rolling diaphragm actuators have a diaphragm between the
cylinder and piston, which rolls back and forth (Figure 2.2). In gap seal cylinders, there
is a tiny gap between the piston and cylinder. There is a trade-off between leakage and
friction in these cylinders. Therefore, leakage between the two chambers is tolerated to
reduce friction (Figure 2.1).
One study examined low-friction cylinders in a low-pressure hydraulic transmission
[50]. In this study, rolling diaphragm cylinders were used in the transmission; however,
the restriction on the stroke length of these cylinders was a problem that needed to be
solved. Commercial rolling diaphragms are manufactured using compression molding
of a sheet rubber and woven fabric [50]. A manufacturing method that limits the
stroke length to no more than the bore of the cylinder. Rolling diaphragm cylinders
with higher stroke-to-bore ratios can multiply the work per cycle of the system [50].
Furthermore, there are limitations of using short-stroke rolling diaphragm cylinders [51,
45]. A manufacturing method for long-stroke rolling diaphragm cylinders was described
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Figure 2.2: Rolling diaphragm cylinder exploded view.
in previous studies, which had a silicone molding process to build a diaphragm in any
geometry [52]. In this method, the burst pressure of the diaphragm was 240 kPa (35 psi).
Developing low friction, leakage-free cylinder with high pressure capabilities and without
stroke limitations is needed for small hydraulics. A more thorough friction evaluation of
various cylinder types is needed to determine which technology has the lowest friction
and is the most appropriate for low-pressure hydraulic systems like rehabilitation robots.
In this chapter, the manufacturing process of making the long-stroke rolling di-
aphragm cylinder is described. Using an experimental test, we measured the resistance
forces in three types of cylinders: O-ring, gap seal, and rolling diaphragm. The cylinders
were tested at low pressure (up to 690 kPa (100 psi)) and with mineral oil to deter-
mine the cylinder with the lowest friction. The same friction test was performed in a
novel, long-stroke, rolling diaphragm cylinder (LSRD) to compare it in two different
thicknesses with commercial cylinders.
The effective area of the rolling diaphragm cylinders was reported to be an average of
the piston and cylinder area [53]. In the tapered rolling diaphragm cylinder, the effective
area decreases with the stroke due to the tapered shape of the diaphragm (Figure 2.3).
Higher stroke length in long-stroke rolling diaphragms makes this phenomenon more
dramatic. The variance in the effective area causes the cylinder performance to be
dependent on the piston’s position. This chapter describes a cylinder design method
that minimizes the change in force with piston position.
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Figure 2.3: Effective area changes with piston position.
2.1.2 Method
Fabrication of the Long-Stroke Rolling Diaphragm (LSRD) Cylinder
A new manufacturing method was used for the long-stroke rolling diaphragm (LSRD)
that provides a high stroke length. (Figure 2.4). The mold has an outer geometry equal
to the desired inner geometry of the diaphragm (Step 1). We used 3D printing to make
the mold.
A sheet of polyurethane base material was wrapped tightly around the mold and
kept in place using the tape (Step 2). An impulse heat sealer was used to melt the
rubber sheet and form a seal (Step 3). A hot knife can also be used to melt the seal.
A polytetrafluoroethylene (PTFE or Teflon) protective sheet was placed between the
material and the heat source to protect the base material from excessive heat and
provide a uniform heat application. After sealing the seam, the tape was removed, and
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Figure 2.4: Long-stroke rolling diaphragm manufacturing method.
excess base material proximate to the seal was trimmed (Step 4). After these processes,
the base material was in a cylindrical configuration having first and second ends. Cuts
were formed on the first end of the base material, divided the first end into a plurality
of flaps, folded toward a center axis of the cylindrically wrapped base material to form
a closed first end (Step 5). Next, cyanoacrylate adhesive was applied to each of the
plurality of flaps to secure them in an inwardly folded position (Step 6). In essence, the
first end was closed off with the flaps. Afterward, the base material was deep coated
in an elastomer, such as polychloroprene for using mineral oil or Plasti Dip for using
water (Step 7). Plasti Dip and polychloroprene can be thinned with VM&P Naphtha
and water, respectively. The elastomer coated material was left to be cured. In the
case of using polychloroprene for mineral oil, the elastomer was cured in an oven at
approximately 80 to 85 degrees F for 8 to 12 hours. Alternatively, when using the Plasti
Dip for water, other curing methods such as air-drying may be used for an extended
period (about 6 hours). Once the elastomer was cured, epoxy was poured into the
diaphragm to seal the first end. The epoxy was left to dry for at least 24 hours. Finally,
the diaphragm was ready to be placed into the cylinder body (Step 8).
To increase the stiffness and strength of the diaphragm, a fiber-reinforced tape with
the thickness of 0.15 mm can be placed on the inside of the diaphragm between steps 6
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Figure 2.5: Fiber-reinforced long-stroke rolling diaphragm.
and 7 (Figure 2.5). This polypropylene plastic tape with fiberglass fibers ensured higher
stiffness at the expense of higher friction in the rolling action.
In an alternate method, largely similar to that described above, the base material
can be made of fabric and can be secured into a cylindrical configuration with fabric
glue instead of heat sealing via the hot knife. Fabrics that work best are those that do
not wrinkle easily. Cotton fabric is one suitable example. The method can be the same
as that described above in all other respects. Two challenges with using fabric in this
manufacturing method are a defective seal on fabric and the tendency of the fabric to
wrinkle.
Two long-stroke rolling diaphragms were made for the friction test with the di-
aphragm thicknesses of 0.33 and 0.58 mm. The thickness of the elastomer controlled
the variance in the thickness of the long-stroke rolling diaphragms. Each long-stroke
rolling diaphragm that was tested for the friction had a 2:1 stroke-bore ratio.
A burst pressure limit test was performed on the LSRD by pumping fluid into the
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cylinder while measuring the pressure until the diaphragm broke.
The LSRD cylinder design with the clear plastic tube and aluminum is illustrated
in Figure 2.6. The diaphragm was clamped between two cylindrical tubes. A fitting
cap with a gasket were on the fluid side, and a ring was on the unpressurized side. Four
steel threaded rods were used to clamp the two caps, two tubes, and the diaphragm.
For cylinder bore larger than 50 mm, eight clamping rods were used.
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(a) LSRD cylinder design.
(b) LSRD cylinder with plastic tubes and Plasti Dip elastomer to be used with water.
(c) LSRD cylinder with aluminum tubes and polychloroprene elastomer to be used with oil.
Figure 2.6: LSRD cylinders
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Friction Test Apparatus
The apparatus shown in Figure 2.7 was used to test the cylinders at different velocities
and loads. The force equilibrium for the piston is
Mg = PA+ Fr (2.1)
where M is the weight hanging from the piston, g is the gravitational acceleration,
P is the pressure at the outlet, A is the piston rod side area, and Fr is the friction
force. A needle valve was used to adjust the velocity of the piston and maintain a
constant velocity. The friction was calculated by finding the pressure at the outlet.
A non-contacting position sensor (laser distance sensor) measured the rod velocity to
ensure that the velocity was constant and the force equilibrium was valid.
Figure 2.7: Friction test apparatus.
Friction Test protocol
Cylinders with bores in the range of 14 to 22 mm were chosen for the test. The O-
ring, gap seal, rolling diaphragm, and LSRD cylinders had bores of 14.33, 15.88, 17.76,
and 21.03 mm respectively. With respect to the pressure limit of each cylinder and
the maximum force which was needed for future studies, four loads and velocities were
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chosen. The hand pump was used to fill the cylinder and lift the weight. The needle
valve was set, and the valve to the tank was opened. The weight was moving down with
the specific velocity while the fluid passed into the tank. The test was repeated three
times for each configuration.
Effective Area Test Apparatus
A hand pump was used to infill the LSRD cylinder with water and press the piston
against a force gauge attached to a universal test machine (Figure 2.8). The position
of the piston was recorded using the position gauge on the test machine. A pressure
transducer was used to measure the fluid pressure.
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Figure 2.8: Effective area test apparatus.
Effective Area Test Protocol
The LSRD cylinder was filled with water, and the valve between the cylinder and the
pump was closed. The pressure was recorded using the pressure gauge while lifting
the force gauge. Force and pressure dropped by raising the force gauge, resulting in a
relationship between the force and pressure along the stroke. The friction test showed
that the friction in the LSRD cylinders is between 2 to 5 percent of the load. The friction
in the cylinder was ignored to find the effective area as a proportional relationship
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(a) 8 degrees taper angle for D and P. (b) 8 degrees taper angle for D and 0 for P.
(c) 4 degrees taper angle for D and 0 for P. (d) 8 degrees taper angle for D and -8 for P.
Figure 2.9: Diaphragm (D) and piston (P) shape combinations.
To evaluate the effect of piston geometry on the consistency of the effective area
along the stroke, several combinations of the diaphragm and piston geometries were
tested (Figure 2.9). The diameter of the cylinder and the top diameter of the piston




In an embodiment of the variable hydraulic transmission, an accumulator can be used
to hold the pressure in a closed manifold for a nonzero flowrate. Two similar LSRDs
were used to make a double-acting cylinder. One side of the cylinder was connected to
the hydraulic system and the other diaphragm was pressurized with air (Figure 2.10).
Both sides of the piston had the same pressure since both diaphragms were identical.
A high volume of pressurized air would let the cylinder work as an accumulator for the
hydraulic system. This cylinder can also be used as a hand pump to fill the system with
water. Moreover, instead of having a water reservoir, an air hand pump can be used to
pressurize the right side of the cylinder and, consequently, the hydraulic system.
Figure 2.10: Accumulator design using two long-stroke rolling diaphragms.
2.1.3 Results
Friction
Figure 2.11 shows the cylinder friction force as a function of the load for the velocity
of 0.5, 1, 1.5, and 2 mm/s. While the friction force elevated as the chamber pressure
increased, this figure shows a substantial difference between the various cylinders. In
all cases, O-ring cylinders had substantially more friction than gap seal and rolling
diaphragm cylinders.
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Figure 2.11: Friction force of cylinders as a function of load.
Figure 2.12 compares friction in different cylinders as a function of velocity for
various loads. Friction did not change with velocity for all cylinders.
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Figure 2.12: Friction force of cylinders as a function of velocity.
Effective Area
An example of the results for force and pressure for the cylinder effective area tests is
shown in Figure 2.13. The effective area was then calculated from the experimental
results in this figure.
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Figure 2.13: An example of the force and pressure data acquired during the effective
area test. Force is illustrated in black and pressure in grey.
The effective area of the cylinder with the piston and diaphragm taper angle of 8
degrees dropped moving along the stroke (Figure 2.14).
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Figure 2.14: The effective area along the stroke for 8 degrees taper angle for diaphragm
and piston. The black dots are calculated from experimental data. The gray dashed
line is the fit to the experimental data.
The drop in effective area by going through the stroke can be adjusted by making an
untapered piston. The experimentally calculated effective area for the piston’s position
with an LSRD with the mold taper angle of 8 degrees and a perpendicular piston is
shown in Figure 2.15.
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Figure 2.15: The effective area along the stroke for 8 degrees taper angle for diphragm
and 0 for piston
The effective area remained more consistent by reducing the diaphragm taper to 4
degrees (Figure 2.16). However, a low-tapered molded diaphragm increases the friction
in the rolling action due to higher wear on the folded diaphragm wall.
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Figure 2.16: The effective area along the stroke for 4 degrees taper angle for diaphragm
and 0 for piston.
Keeping the LSRD mold taper angle at 8 degrees assured low friction in the rolling
action. To compensate for the area reduction, the piston can be shaped with a reverse
taper to provide the opposite force by letting the diaphragm conform to the shape of
the piston. Figure 2.17 shows how this combination results in a constant effective area
with piston position.
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Figure 2.17: The effective area along the stroke for 8 degrees taper angle for diaphragm
and -8 for piston.
The effective areas for a small and a large cylinder are shown in Figure 2.18. The
cylinder bore, piston diameter, the average of the cylinder and piston areas, and the ef-
fective area using the piston shape shown in Figure 2.17 are reported in Table 2.1. These
two cylinders were chosen to be used in the variable hydraulic transmission discussed
in the next chapters and the exact effective area had to be found for the transmission
ratios to be predicted.
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Figure 2.18: Effective area along the stroke for a 3.5 cm and a 2.5 cm bore cylinders
using the tapers shown in Figure 2.9d






Large cylinder (3.5 cm bore) 9.58 4.1 6.84 6.16
Small cylinder (2.5 cm bore) 5.07 2.16 3.62 3.17
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2.1.4 Discussion
Force and Volume Efficiency
The experimental results demonstrate that friction for all types of cylinders increases
with load. However, system efficiency generally increases with higher pressures [47] .The
results from the test show that friction is independent of velocity for all the cylinders in
this range of speed (less than 2 mm/s). However, there is a possibility of friction and
velocity dependency at higher velocities.
The results show a 28 to 40 percent of friction to load for O-ring cylinders. Therefore,
this type of cylinders is not recommended for low-pressure, passive hydraulic devices
that must operate at high efficiency. The results indicate two to five percent friction
force to load for gap seal and rolling diaphragm cylinders. As shown in Figure 2.11,
the friction for these two cylinder types is almost the same. Passive hydraulic devices
need a force and volume efficient actuator with lower leakage than the gap seal and a
longer stroke length than the current diaphragm technologies. Hysteresis is the only
factor creating friction force against the movement in rolling diaphragms, and it is
higher in thicker diaphragms. The friction is about 12 percent of the load for thicker
diaphragms. The results show that friction in a thin LSRD is the same as the commercial
rolling diaphragm and gap seal cylinders. LSRDs can have higher stroke-to-bore ratios,
whereas all commercial rolling diaphragms have stroke-to-bore ratios of 1 or less. The
high stiffness of the polyurethane sheet allows for a smooth rolling action and high
enough stiffness to prevent bulging. There is a trade-off for thinning the elastomer to
be used for the coating. Thinner elastomer assures lower friction in rolling movement,
while thicker elastomer acts as a backup seal in the diaphragm.
The LSRD cylinder constructed for this study weighed about 67g. It is noted that
the long-stroke diaphragm’s weight is negligible compared to the total weight of the
LSRD cylinder. Therefore, the LSRD cylinder tested is a good alternative for gap
seal cylinders or for cylinders having traditional rolling diaphragms, since they have a
leakage problem and stroke limitations respectively.
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Stroke Length
The stroke length versus cylinder bore size is shown in Figure 2.19. The black dots
represent commercial diaphragm cylinders and the square represents the new LSRD
cylinder. The gray region is for the commercial rolling diaphragm cylinder and the region
bounded by dashed lines is for the new LSRD cylinder. Since the target application of
these cylinders is small hydraulics, the figure shows bore sizes only up to 120 mm.
■




















Figure 2.19: Stroke length of rolling diaphragms as a function of bore size. Light gray
area indicates stroke-bore capability of commercial diaphragm and region bounded by
dashed line indicates LSRD. Black dots are some of the commercial rolling diaphragm
samples and the black square is the LSRD tested in this study.
A fatigue test of 1000 cycles was performed on the thinner diaphragm, and a burst
pressure of 2400 kPa (350 psi) was measured.
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Figure 2.20: Fluid streamline in a two parallel sheets, with the top sheet moving and
bottom sheet stationary.
Friction Dependency on Pressure
The thin layer of fluid between cylinder and piston in the gap seal cylinder can be
modeled as shown in Figure 2.21. The upper wall is similar to the piston in Figure 2.1
which is moving with specific velocity. The lower one is similar to the cylinder wall,
which is at rest. The relationship for shear stress for the parallel motion of streamlines





where µ is the dynamic viscosity and du/dy is the rate of velocity change.
The frictional force equals
Fr = τA (2.4)
where A is the area of each sheets [54, 55]. When only one side of the piston is pres-
surized, a pressure gradient develops, allowing leakage to occur through the gap. The
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piston moves with gravity, the motion of the upper plate is downward same as the pres-
sure gradient in our test, when the pressure increases in the direction of the upper plate
motion adverse pressure gradient happens and backflow may occur.
When the cylinder is sitting vertical, the piston is traveling downward. The fluid in
the gap is going upward in relation to the piston, causing the du/dy value to increase,
implying that there will be more friction force in the gap than if the pressure gradient is
favorable. As we increase the load in the test, the working pressure would be increased,
and we would have more leakage with higher relative velocity. It makes the du/dy value
and the friction force larger. That is why the load and the friction force are dependent
on the gap seal cylinders.
In the O-ring cylinders, the friction force is caused by the contact of the O-rings
and the cylinder. The friction caused by this type of sealing depends primarily on seal
compression, fluid pressure, and projected seal area exposed to pressure. The effects of
materials, surfaces, fluids, and speeds of motion are normally of secondary importance.
Friction in the O-rings (it can be used for both of the rod and piston frictions) is
FC = fcLp (2.5)
FH = fhAp (2.6)
Fr = FC + FH (2.7)
Where
Ap: Projected area of seal for piston/rod groove applications.
Lp: Length of seal rubbing surface in inches for piston/rod groove applications.
fc: Friction due to O-ring compression obtained from Figure 2.22
fh: Friction due to fluid pressure obtained from Figure 2.23.
FC : Total friction due to seal compression.
FH : Total friction due to hydraulic pressure on the seal.
Fr: Total seal friction.
fc and fh can be found from Figure 2.22 and 2.23. As it is shown, friction force in the
O-rings depends on fluid pressure. The reason for this is that pressure will distort the
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Figure 2.21: Adverse and favorable pressure gradient.1
O-ring in the groove, changing the area of contact between the O-ring and the wall. As
the load in the test is increased, the fluid pressure rises, causing the fh to rise, resulting
in increased friction in the O-rings. That is why the friction depends on the load in
O-ring seal type of cylinders [6]. Friction increases with pressure (load) and remains
nearly constant when velocity changes, as reported in this study. Furthermore, a recent
study indicated that the force efficiency increases with pressure [47]. The friction and
actuation forces depend on the pressure in the chamber; however, the actuation force
elevates at a faster rate than the friction. Therefore, the efficiency will rise with the
increasing the pressure.
In the rolling diaphragm cylinders hysteresis due to bending and unbending of the
rubber causes the friction. As thicker diaphragms have higher hysteresis, they need more
force for rolling action. Hysteresis is calculated in [50] in different working pressures and
it is shown that hysteresis is higher if the working pressure in the cylinder is increased.
Effective Area
The effective area of the LSRD varies through the stroke due to the tapered shape
of the diaphragm (Figure 2.9a). In this case, the range of the area over the average
of the area is 0.3. Having a consistent effective area enables the cylinder to provide
1 image from (http : //www.nptel.ac.in/courses/112104118/lecture− 26/26− 1couette6low.htm)
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Figure 2.22: Friction due to O-ring compression (image from [6])
Figure 2.23: Friction due to fluid pressure (image from [6])
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Figure 2.24: Forces on a tapered piston vs. a reverse tapered piston.
consistent mechanical performance. A flexible diaphragm can reshape to the shape
of the piston, and using a perpendicular piston decreases the effect of the tapered
diaphragm (range/average of 0.25). Increasing the diaphragm mold angle (straighter)
decreases the variance in the effective area (range/average of 0.13) (Figure 2.16). To
keep the friction low in the rolling movement, the diaphragm with 8 degrees taper angle
was chosen. To compensate for the variance in the area, the reverse tapered piston
was selected that provides a backward force to compensate along the stroke since the
diaphragm would wear the piston’s shape, and the pressure of the fluid would reach the
taper wall of the piston (Figure 2.24). The reverse tapered piston flattens the effective
area; however, it reduces the cylinder’s net force (Figure 2.17) Table 2.1 illustrates this
because the effective area in this method is lower than the average area of the piston
and the cylinder. The lower average effective area is the expense for consistent force
efficiency along the stroke (range/average of 0.03).
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2.1.5 Conclusion
In this chapter, a manufacturing method for a long-stroke rolling diaphragm cylinder
was presented. An experimental test was performed on three different commercial tech-
nologies and two long-stroke rolling diaphragms with different thicknesses. The results
showed that friction is dependent on pressure and it rises with increasing pressure. Fur-
ther, the results demonstrated high friction for O-ring seal cylinders, and the same low
range of friction for gap seal, rolling diaphragm, and thin long-stroke rolling diaphragm
cylinders. Higher friction in the thicker long-stroke rolling diaphragm compared to the
thinner one results from the higher hysteresis and resistance forces for thicker elastomer.
A thin rolling diaphragm with high stroke capabilities is a good choice for a high-
efficiency, low pressure hydraulic system compared to gap seal cylinders or commercial
rolling diaphragms, as they have leakage problems and stroke limitations respectively.
Due to the diaphragm’s tapered shape, the effective area of the cylinder decreases
as the diaphragm rolls forward. A higher taper angle for the diaphragm and piston in-
tensifies this variance. Reducing this angle (straighter diaphragm) increases the friction
due to the smaller gap in the rolling surfaces. To prevent additional friction, a taper
angle of 8 degrees was chosen for the diaphragm. The long-stroke rolling diaphragm is
capable of conforming to the shape of the piston. A reversed shape for the piston (taper
angle of -8 degrees) resulted in a constant (but lower) effective area along the stroke.
This refined long-stroke rolling diaphragm can be used in small hydraulic devices to
achieve high force and volume efficiencies.
2.2 Valves
2.2.1 Introduction
Digital fluid power is the controlling of system output using hydraulic or pneumatic
components that are coupled to the system with switching valves [56]. Hydraulic valves
are required to control the hydraulic cylinders in a digital hydraulic system [57]. In one
of the applications of digital fluid power, power is transmitted between several joints
via a passive hydraulic transmission [58]. A similar embodiment is being incorporated
in the variable hydraulic transmission described in this thesis with several hydraulic
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cylinders placed on each joint and two switching valves used for each cylinder in the
transmission to connect and disconnect cylinders from the system. The switching valves
allow variable transmission ratios between the joints. As shown in Figure 1.2, the system
is passive, and motors or pumps are not being used in the transmission; therefore, the
hydraulic components must preserve the power. The most critical factors for hydraulic
switching valves in the system are pressure drop, actuation energy, response time, size,
and weight. Minimum hold power for digital valves is also required to reduce overall
power consumption [56].
The advantages and disadvantages of various architectures of digital valves are shown
in Figure 2.25. The valve analysis in this section is to find a low pressure drop archi-
tecture valve with minimum switching energy to be used in the hydraulic transmission.
The orifice in a hydraulic valve creates a pressure drop across the valve that must be
minimized. One can choose a switching valve architecture by considering the pressure
drop inherent to each architecture. Poppet and spool valve architectures have a signifi-
cant pressure drop due to the change in the flow direction and small orifice size [59, 60].
Ball, plug, choke, butterfly, and gate valves have minimal pressure drop because when
they are fully open they present no obstruction to the flow of fluid. K factor for ball
and butterfly valve pressure drop by CFD modeling and experimental methods is as low
as 0.2 [61, 62, 63]. Using a K factor of 0.2, the pressure drop across these valves in the
open position with mineral oil and flow velocity of 3 m/s is calculated to be as low as
720 Pa. These are the valve types suited for a high-efficiency digital hydraulic system.
The energy required to switch the valve state should be minimized to decrease the
motor size and allow fast response time since fast and frequent switches are needed to
control the output. The size and weight of the valves should be small to make the device
portable. Analytical models can be used to determine which architecture is best suited
for digital hydraulic transmission to be used in lightweight, portable applications. Of
the many valve architectures, ball and butterfly valves are actuated rotationally and
satisfy the minimum pressure drop requirement in the open position, and therefore,
were chosen for further consideration. A cross-sectional view of a ball valve is depicted
in Figure 2.26. The ball is seated between two O-rings to prevent leakage. A cross-
sectional view of a butterfly valve is shown in Figure 2.27. An O-ring is seated on the
disc to prevent leakage in the closed position. Using an O-ring model and an estimate
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Figure 2.25: Valve types that can be used in a BPWR hydraulic transmission.
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Figure 2.26: A cross-sectional view of a ball valve rendering in the open (left), closed
(middle), and actual valve cut through the center (right).
of the inertia of the valve moving parts, the energy required to switch these valves can
be estimated to provide specifications for the rotary actuator needed to turn the valve
stem.
Figure 2.27: A cross-sectional view of a butterfly valve rendering in the open (left),
closed (middle), and actual valve cut through the center (right).
Analytical models of O-ring friction were used to estimate the energy required to
turn the valve. To validate the models, experiments were conducted to measure the
torque required to turn the stem of several physical valves. The results were compared








Iω2 + Efriction (2.8)
The first term is the average rotational kinetic energy while the valve switches and
the second term is the energy to overcome friction caused by the O-rings (or other
sealing type). The first term turns out to be negligible compared to the friction term
based on the numbers found in the results. The rotational kinetic energy was calculated
for a stainless-steel block to rotate 90 degrees and it is less than 1 mJ. The primary
source of energy required to switch the valve is therefore caused by friction, which can
be split into two terms
Efriction = Epreload friction + Epressurized friction (2.9)
The preload friction energy is due to the friction force caused by the O-rings when
there is no fluid pressure on either side of the closed valve while the second term is
due to the additional friction force caused by fluid pressure on one or both sides of the
valve. The following sections derive analytical estimates for the friction terms for ball
and butterfly valves.
Friction Torque in Ball and Butterfly Valves










where µf is the friction coefficient, D1 is the sealed surface diameter (housing diameter
in the valve), d2 is the inside diameter (ball diameter in ball valve and disc diameter in
butterfly valve), E is the modulus of elasticity of the O-ring, and r is the radius of the
O-Ring section as shown in Figure 2.28 [64, 47].
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Figure 2.28: An O-ring seal dimension before and after contact.
The O-ring squeeze ratio is defined as
ε = (1− D1 − d2
4r
) (2.11)




The friction force is converted to a valve actuation friction torque using the moment
arm R shown in Figures 2.26 and 2.27. For the butterfly valve, the moment arm is





To estimate the switching energy for the pressurized condition (the second term in
Equation 2.9), two cases must be considered as shown in Figure 2.29. The first case
(Figure 2.29 left) is when the pressure on both sides of the valve is the same. Here, the
net force on the valve is zero, and the O-ring squeeze ratio for both O-rings will remain
the same, and therefore the friction torque will be the same.
The second case (Figure 2.29, right) is when the pressure on one side of the blockage
is higher than the other side. This term is always zero for the butterfly valve since the
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Figure 2.29: Pressure on both sides of the valve (left), pressure only on one side of the
valve (right).
pressure on the disc is canceled out around the shaft and the squeeze ratio of the O-ring
is not affected by the pressure. This term is not zero for the ball valve since the ball
in the valve will be pushed against one of the O-rings while d2 for the other O-ring
will decrease. While there is a linear relationship between d2 and squeeze ratio ε, the
relationship between ε and friction force is not linear. Thus, the increased torques by
the pushed O-ring and released one are not equal and the net torque will increase with
pressure for this case.
To parameterize the model, two commercial ball valves and one commercial butter-
fly valve were chosen for experimental characterization. The valves were: (1) a high-
pressure stainless-steel ball valve (G-SSMF-12NL) with PTFE O-ring and a maximum
pressure of 7000 kPa, (2) a low-pressure ball valve (SMC 5742890) with PVC body and
Buna-N O-ring for pressures up to 850 kPa, and (3) a butterfly valve with FKM O-ring
a maximum pressure of 1200 kPa.
Equation 2.13 was used to model the torque required to switch the valve. The
parameters for each ball valve are shown in Table 2.2. Since the highest torque was
measured in model validation, µf was chosen to be 0.7. Two parameters were chosen
to be estimated to fit the model to the experimental results for the ball valve. The
first parameter was D1 (housing diameter) since it is challenging to measure with high
accuracy without a coordinate measuring machine. The second parameter was ∆d2
which is the displacement of the blockage inside the housing due to the differential
pressure on it. This displacement was assumed to be an increase in d2 (ball diameter)
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for the pushed O-ring and a decrease in d2 for the released O-ring. The torque equation
can therefore be written as
Tfriction = Tpushed o−ring + Treleased o−ring (2.14)
Tpushed o−ring = 2πRµfD1rE(1−








Treleased o−ring = 2πRµfD1rE(1−













Parameter α in Equation 2.17 was obtained via fitting the model to the experimental
results using the least squares method.
Table 2.2: Ball valves parameters.
E(MPa) µf d2(mm) r(mm) R(mm)
High-pressure Valve 500 0.7 13.97 1.143 5.334
Low-pressure Valve 10 0.7 13.97 1.27 5.842
The parameters for the butterfly valve are shown in Table 2.3. d2 (disc diameter)
was adjusted to fit the experimental data as it cannot be measured directly due to the
uneven shape of the O-ring groove on the disc. As discussed above, the pressurized term
in Equation 2.9 was zero for the butterfly valve.
Table 2.3: Butterfly valve parameters.
E(MPa) µf D1(mm) r(mm) R(mm)
Butterfly Valve 18.5 0.7 17.04 1.143 4.26
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Friction Energy in Ball and Butterfly Valves
The energy required to turn the ball valve is mainly a function of the two O-rings acting
on the ball and can be estimated by
Efriction = 2×∆S × Ffriction (2.18)
where ∆S is the distance the ball travels on the O-rings. Since the ball travels 90 degrees
during a switch, the distance is
∆S = R× π
2
(2.19)
For the butterfly valve, there is no friction during most of the rotation until the
O-ring mounted on the disc meets the housing just before the valve fully closes. The
energy to switch a butterfly valve can, therefore, be estimated by
Efriction = 2× Fr × t (2.20)
where Fr is the friction force and t is the disc thickness. (The friction force acts on the
housing in two areas.)
Valve Switching Time
A fast valve switching time is required to change the output of a digital hydraulic system.





where E is the maximum energy needed to switch the valve and t is the switching
time. A motor with more power will reduce the switching time, but at the cost of
increased weight and size.
Model Validation
Since the primary cause of the energy required to switch the valve is friction, the torque
required to turn the valve at a slow speed can be measured experimentally to validate
the model. The three valves listed in the last section were tested. For each valve, a
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timing belt pulley was attached to the stem (Figure 2.30), and a timing belt ran between
the pulley and a digital force gauge (with 0.005 lbf (0.02 N) resolution) so that pulling
on the force gauge turned the valve.
Figure 2.30: Ball valve with the timing belt pulley used in experiments to turn the
valve.
The hydraulic circuit shown in Figure 2.31 was used to pressurize the valve under
test. The isolation valve connected or disconnected the distal side of the valve to the
pump. The isolation valve was left open for the test case where both sides of the valve
were at the same pressure. It was closed for the test case where only one side of the
valve was subject to pressure. Figure 2.32 shows the entire apparatus used for the
experiment.
Figure 2.31: Experiment hydraulic circuit.
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Figure 2.32: Experiment apparatus for the valve friction tests.
Mineral oil was used as the media, and torque was measured at five pressures (0
to 690 kPa) for the case when the valve was pressurized on both sides and the same
five pressures when only one side of the valve was pressurized. Each test condition was
repeated five times.
Friction Torque as a Function of Valve Position
The torque-angle relations for ball and butterfly valves were measured to determine the
O-Ring friction effect on the switching torque. To measure the angle, reflective markers
were placed on the pulley and its motion was captured with a video camera. Torque
and angle were acquired for one ball and one butterfly valve and repeated four times




A commercial plug valve shown in Figure 2.33 was used to construction a motorized
switching valve prototype because of its low friction torque required to switch (Cole-
parmer EW-30600-00). This valve had zero leakage for pressures up to 275 kPa (40
psi).
Figure 2.33: Two-way valve. (Image from www.coleparmer.com)
Brushed micromotors were placed on each valve to actuate the valves automatically.
The motor and controller for each valve are shown in Figure 2.34 (Pololu #3063 and
#2999). The motors were nominally rated for 6 volts; however, 12 volts was used to
increase the speed of the actuation. The motors were energized for less than a second
and higher voltage can be used without any damage due to the high power. The valve
actuator only needed to rotate 60 degrees to block the flow. Lower displacement in
blockage decreases the response time and actuation time of the valves. Two mechanical
stops were placed to limit the displacement of the blockage (Figure 2.35).
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(a) Brushed micro motor. (b) Motor controller
Figure 2.34: Brushed motor placed on valves. (Images from www.pololu.com)
Figure 2.35: The prototype compact double-valve.
2.2.3 Results
The friction torque data for the low and high pressure ball valves having the same
pressure on both sides of the valve are shown in Figure 2.36.
The torque required to turn the high-pressure valve was higher than the torque
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Figure 2.36: Torque required to turn the valve stem at different pressures for a high-
pressure and low-pressure ball valve, when the pressure is the same on both sides of
the valve. At each pressure, data is presented as the mean (markers) and the range
(whiskers.)
required to switch the low-pressure valve. The torque was constant over the pressure
since the force produced by the pressure cancels out.
The torque results for the ball valve when pressure was applied to only one side are
shown in Figures 2.37 (low-pressure valve) and 2.38 (high-pressure valve). The torque
increased with pressure because the ball is pushed against one of the O-rings.
Parameters, D1 housing diameter and α O-ring stiffness, were used to fit the ball
valve model to the experiment. Table 2.4 shows the results of this fitting.
Table 2.4: Estimated parameters using the least squares method to fit the data to the
friction model shown in Equations 2.14 and 2.17.
D1(mm) α
High-pressure valve 18.51 5.3 ×106
Low-pressure valve 18.73 5.3 ×105
The same experimental apparatus was used to test the butterfly valve. Figure 2.39
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Figure 2.37: Torque for different pressures when the pressure only exists on one side of
the low-pressure ball valve.
shows the torque required to switch the butterfly valve for the case of having the same
pressure on both sides. Figure 2.40 shows the torque for the case of having pressure
only on one side of the butterfly valve. The torque stayed consistent with pressure for
both cases. The parameter d2 (disc diameter) to be estimated for the butterfly valve,
was found to be 12.86 mm.
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Figure 2.38: Torque for different pressures when the pressure only exists on one side of
the high-pressure ball valve.
Figure 2.39: Torque for different pressures when the pressure exists on both sides of the
butterfly valve. The whiskers show the range of data in five trials.
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Figure 2.40: Torque for different pressures when the pressure only exists on one side of
the butterfly valve.
The digital hydraulic transmission with four actuators requires eight valves. The
energy required to switch the 8 butterfly valves and the ball valve was calculated using
Equations 2.18 and 2.20 and is shown in Figure 2.41.
Figure 2.41: The energy required to switch the valves.
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The friction torque-angle relations are shown in Figure 2.42 and 2.43. Zero degrees
represents the closed position. The grey areas show the minimum to maximum recorded
values in four repeated tests.
Figure 2.42: Friction torque vs. angle for the high-pressure ball valve.
Figure 2.43: Torque vs. angle for the butterfly valve.
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2.2.4 Discussion
Ideal valves for digital hydraulics must have zero pressure drop and low switching power
consumption. Butterfly and ball valves were chosen for further consideration because
they are zero pressure drop rotational valves. O-ring friction is the primary determinant
of the amount of energy required to turn the valve between its open and closed states.
The friction force for the O-ring around the stem was neglected since the diameter of the
stem is small compared to the ball or disc and therefore, the friction force and torque
were negligible.
Figures 2.36 and 2.39 show that the valve friction is constant with pressure when
both sides of the valve see the same pressure. For the ball valve, when only one side
sees the pressure, the valve friction increased with the pressure (Figures 2.37 and 2.38)
because the ball was pushed against one of the O-rings, while for the butterfly valve,
friction torque did not increase with pressure.
The model followed the experiment data with an acceptable level of accuracy, which
means that the model can be used for design purposes. Two parameters, housing
diameter and O-ring stiffness, were used to fit the ball valve friction model to the
experiment data (Table 2.4). The squeeze ratio for the low-pressure ball valve (0.063)
was larger than the ratio for the high-pressure valve (0.007); however, the torque for
the high-pressure valve was higher since the O-ring material used in the high-pressure
valve is 50 times stiffer the material used in the low-pressure valve O-rings.
The housing diameters measured with a digital calipers were in the range [18.6 18.8]
for the low-pressure valve and [18.5 18.7] for the high-pressure valve. As shown in Table
2.4, the fitted housing diameter was 18.51 mm and 18.73 for the low and high-pressure
valves respectively, both within the range of the actual valve. The stiffness value α
for the high-pressure value is ten times higher than the low-pressure valve. The higher
modulus of elasticity of PTFE for the high-pressure valve O-rings compared to the Buna-
N low-pressure valve O-rings explain some of the difference with the rest accounted for
by the different O-ring geometries in the two valves. The largest pressure differential
over the valve exists when the valve is closed and drops to near zero as the valve opens
because both ball and butterfly valves do not obstruct the fluid flow when fully open.
Therefore, the model and experiment actuation torques measured in this study are the
highest that will be seen by the valve. The motor used to actuate can be over-driven for
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brief periods to attain the torque needed to open the valve the first few degrees. The
torque to switch the butterfly valve is shown in Figures 2.39 and 2.40. The torque did
not change with pressure in both cases since the friction force on the O-ring was not
related to pressure on the disc. The O-ring squeeze ratio ε for the butterfly valve was
0.086, which was larger than the ball valves. The fitted disc diameter for the ball valve
was 12.86 mm which is in the range of [10.92 16.51] that was determined by measuring
the disc with a dial calipers. The energy required to switch 8 balls and butterfly valves is
shown in Figure 2.41. The energy for the butterfly valve was higher because the friction
force on the O-ring was higher due to its higher squeeze ratio. For the same squeeze
ratio, geometry, and O-ring material, the energy for the butterfly valve would be lower
than the ball valve since the distance that the squeezed O-ring travels is smaller for the
butterfly valve (Equation 2.22).
DiscThickness <
Ball Diameter × π
4
(2.22)
The butterfly valve architecture has a small pressure drop in the open position due
to the presence of the disc. However, the butterfly valve has lower switching energy
compared to the ball valve because the friction force only exists for the few degrees
around the fully closed position. This is a design trade-off; therefore, choosing the
proper valve architecture will depend on the application.
Figure 2.44 shows the power needed during switching as a function of the switching
time for the three valves. The butterfly valve tested in this study required the highest
power. The data in Figure 2.44 can be used to specify the motor used to actuate the
valve. Since the valves measured in this study were not optimized for friction, the
required power could be reduced by custom designing a valve.
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Figure 2.44: Power consumption of the valves for a switch.
The rotational kinetic energy of the ball or disc is negligible compared to the friction
energy. Using the geometry parameters in Table 2.2 and 2.3 and assuming stainless steel
for the material, the kinetic energy required for the ball or disc to rotate 90 degrees at
10 ms is less than 0.75 mJ.
The friction torque as a function of valve angle is shown in Figure 2.42 and 2.43.
The difference between maximum torque and steady-state torque was higher for the
butterfly valve. The contact between O-Ring and housing was removed after 6 degrees
in the butterfly valve and it confirms the effect of O-Ring friction in overall switching
torque. A lower difference between maximum torque and steady-state torque is seen
in the ball valve compared to the butterfly valve since the O-Ring is in contact with
the blockage over the switch. The maximum friction (stiction) is seen at 4 degrees in
the ball valve. The hydraulic transmission discussed in Chapter ?? was assumed to be
the application for the valve analysis in this study which requires valve state change in
the valves to change the transmission ratio. While a high frequency of state changes is
required in pulse width modulation (PWM) digital hydraulics, PWM is not considered
in this application. An analysis of the possible wear of O-Rings is required in case of a
high number of switches.
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2.2.5 Conclusion
Digital hydraulic valves must have low pressure drop, fast response time, and low switch-
ing energy. Ball and butterfly valve architectures are appropriate choices for a digital
hydraulic system because of their rotary actuation and low pressure drop in the open
position. Rotary actuation is desirable since it is easier to seal and allows a more com-
pact design. Analytical friction models can be used for design purposes as they proved
to be good predictors of actual valve friction. Friction goes up with the ball valve pres-
sure and if the valve is designed for high pressure, which means that portable hydraulic
digital systems with small light motors should be designed to run at lower pressures.
Butterfly valves take less energy to switch but have a small pressure drop due to the
disc obstructing the fluid path when the valve is in the open position. A prototype with







Power is characterized by its across and through variables. Transmission is the process
of changing the ratio of these variables or the domain of the power. These variables
are force and velocity in the mechanical domain and fluid pressure and flowrate in
the hydraulic domain [65]. Backdrivability is the ability for interactive transmission
of across and through variables between input and output [66]. Rigid cables can be
used to transmit power between joints. Bowden cables use the movement of an inner
cable within an outer sheath to transmit power in mechanical systems; however, the
friction in Bowden cables varies for the bend angle, and they suffer from compliance,
poor backdrivability, and high friction. Backdrivability and reasonable friction can be
achieved using a push/pull control cable; however, only one transmission ratio can be
reached by the cable transmission method. The device shown in Figure 3.1 is a body-
powered wearable robot equipped with a push/pull cable with a transmission ratio of
1:1 that transmits the power between arms.1
A push/pull control cable has low friction and backlash but also a fixed transmission
ratio. A hydraulic transmission adds the possibility of variable transmission ratios that
1 Elbow orthotic project, Kimberly Gustafson, University of Minnesota, Mechanical Engineering
undergraduate student.
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can be utilized in the system using digital hydraulics [56, 67, 58].
Figure 3.1: Body-powered, push/pull cable, 1:1 arm rehabilitation device (designed and
fabricated by K. Gustafson, University of Minnesota.)
Hydraulic devices produce considerable torque compared to the small size of the
device. The fluid carries away the heat generated in the device and acts as a lubricant
for the components. Flexible hoses, lightweight components, and variable transmission
ratio in the system make the hydraulic transmissions a viable choice for robots designed
to interact directly with humans. As discussed in Chapter 2, a novel rolling diaphragm
cylinder has approximately the same low friction as a gap seal and commercial rolling
diaphragm cylinder and zero leakage [68]. The novel aspect of this cylinder was that,
unlike the commercial rolling diaphragm cylinders that are restricted to a 1:1 stroke
to bore size ratio, our cylinder can be fabricated with any stroke length (Figure 2.6).
This long-stroke rolling diaphragm (LSRD) cylinder is suitable for use in a passive
hydraulic body-powered wearable robot (Figure 2.6b). Antagonist transmission provides
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an opposing interaction between the input and output (Figure 3.2). A prior art study
used commercial rolling diaphragm cylinders in an antagonist hydraulic transmission
for a robot/human interaction application [50] that was part of a hybrid hydrostatic
telepresence robot [5]. The cylinders used in this study had limited stroke lengths
resulted in limited range of motion and low torque capabilities.
Figure 3.2: Antagonist transmission using paired cylinders.
In this chapter, we applied new LSRD cylinders in an antagonist hydraulic transmis-
sion, and measure the friction, stiffness, and dynamic properties of such a transmission.
3.2 Methods
3.2.1 Testbed
By pairing two cylinders against one another, the most basic concept of antagonist
passive transmission can be shown (Figure 3.2). Using the same concept as the push/pull
cable system (Figure 3.1), we can engage the two lever arms using hydraulic transmission
to have a 1:1 transmission ratio.
The LSRD cylinders were used in the testbed due to their low friction and zero
leakage. The rolling diaphragm cylinder cannot maintain reverse pressure since it would
invert and cause the diaphragm to jam. The system needed to be pre-pressurized to
prevent reverse pressure on cylinders and reduce the system backlash [50]. Three ways
to preload the cylinders in the transmission were considered (Figure 3.3).
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Figure 3.3: Three preload methods using rolling diaphragm cylinders.
Configuration (a) used two engaged double-acting rolling diaphragm cylinders for
the transmission. With only two cylinders, the weight of this transmission was an
advantage for wearable robotics. Configuration (b) used springs to preload the single-
acting cylinders. This type was not a viable choice since energy loss in the springs
reduces efficiency. Configuration (c) used a timing belt and pulley system to engage the
two series of single-acting cylinders without springs for a rotary antagonist transmission.
Configuration (c) was used for the passive transmission testbed studied here. Rotary
shafts were placed on the input and output to implement quantitative tests on the
transmission. Engaging two lever arms using the transmission without any valves made
a testbed for evaluating friction, tracking, stiffness, impulse response, and step response
of the system.
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Figure 3.4: Antagonist transmission circuit.
Cylinders with the same bore size were used in the design. A hand pump was used
to pressurize the system. System air removal was done using the bleed valves in the
circuit. All the valves were closed to isolate cylinders 2 and 3 from cylinders 1 and 4.
The transmission ratio between input and output was 1:1. The transmission ratio can
be 1:-1 by connecting cylinders 3 to 1 and 4 to 2. There was no engagement between
input and output in the transmission when the isolation valve was open.
An antagonist passive transmission was constructed for system testing (Figure 3.5).
The cylinders had a 1.5-inch stroke length, and with 2-inch diameter pulleys, provided
90 degrees of rotation for the input and output shafts. The timing belts tighten by pre-
pressurizing the cylinders since both cylinder rods move in the same direction (Figure
3.6). The angles on the input and output shafts were measured using potentiometers
(Bourns, 6639S-1-103).
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Figure 3.5: Hydraulic antagonist transmission testbed.
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Figure 3.6: Using timing belts and pulleys to convert axial motion to rotary.
3.2.2 Evaluation Tests
Several tests were performed on the LSRD cylinders and the transmission device using
the 1:1 transmission ratio configuration. The tests included friction, stiffness, tracking,
impulse response, and step response. System tests were conducted at three preload
pressures using mineral oil for the working fluid.
Friction
The friction test was performed using a custom-motorized test stand equipped with a
linear force sensor (Mark-10, M5-200) coupled to the input shaft while the output shaft
was unloaded (Figure 3.7). Stiction is the break-away torque when the output shaft
starts rotating, and friction is the torque measured when the output shaft is rotating at
a constant velocity. As discussed in Chapter 2, the friction and velocity are independent
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for these cylinders at velocities lower than 2 mm/s.
Figure 3.7: Motorized test stand equipped with a linear force sensor.
Stiffness
The stiffness of the transmission was measured by applying torque on the input shaft
by a custom-motorized test stand and measuring the input shaft angle and torque while
the output shaft was locked (Figure 3.7).
Tracking
Lever arms were placed on input and output shafts to demonstrate the backdrivability
of the transmission (Figure 3.5). The output follows the input for a transmission ratio of
1:1, and the angle tracking can be evaluated. The input was moved at various velocities
while measuring the input and output shaft angles.
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Impulse and Step Responses
An impulse input was applied to the system using a hammer while the output shaft was
locked to the force sensor. The input angle and output torque were measured. A torque
step input was applied to the input shaft by releasing a weight with zero velocity from
a pulley on the input shaft and locking the output shaft to the force sensor.
3.3 Results
3.3.1 Friction
The torque needed to overcome resistance in the transmission was measured. The fric-
tion was caused by the diaphragms, several timing belts, and bearings in the system.
The friction test results on a single LSRD cylinder from Chapter 2 were used to dif-
ferentiate these two friction sources. The torque was applying on the input shaft using
a custom-motorized test stand and measured by the force sensor while monitoring the
output angle. Figure 3.8 shows the friction torque in mN-m for several preload pres-
sures. When the output shaft is stationary, the torque applied on the input shaft is
stiction, and when it moves at a constant velocity, the input torque is friction.
Figure 3.8: Stiction and friction of the device and single cylinders with preload pressure.
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As shown in Figure 3.8, the transmission friction decreases with pressure since the
system stiffens. Unlike the friction, the same pattern was not seen for stiction.
3.3.2 Stiffness
Figure 3.9 shows the stiffness of the system in different preload pressures. The trans-
mission stiffness increased with preload pressure in cylinders.
Figure 3.9: Transmission stiffness with preload pressure.
The stiffness for 275 kPa preload pressure was 166 mN-m/deg. The input shaft
angle was monitored in this test; therefore, the vertical line at zero shaft angle in the
stiffness plot shows the stiction for the input shaft. Stiction is 119.8, 453.5, and 276.7
mN-m for 70, 170, and 275 kPa respectively. Stiction was 524, 783, 760 mN-m for 70,
170, and 275 kPa in the friction test while the output shaft was locked. In both cases,
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the highest stiction was seen at 170 kPa.
3.3.3 Tracking
The unloaded input arm was manipulated at various speeds to evaluate the backdriv-
ability of the transmission. Figure 3.10 shows the unloaded output tracking the input
over time for several preload pressures. Figure 3.11 shows the root-mean-square error
of the output tracking the input illustrating better tracking at higher preload pressures.
Figure 3.10: Output tracks the manipulated input over time.
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Figure 3.11: The RMS error of the output tracking the input at different preload pres-
sures.
3.3.4 Impulse and Step Response
The output torque response to a torque step input is shown in Figure 3.12 for several
preload pressures. Figure 3.13 shows the input shaft angle response to the same torque
step input.
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Figure 3.12: Output torque for 1100 Nm-m step torque input.
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Figure 3.13: Input shaft angle for 1100 mN-m step torque input.
Smaller input angle changes were seen in higher pressures. It shows that the system
was stiffer at higher pressure; so that under the condition where the output shaft was
locked, the input shaft moved less when subjected to an impulse or step change in torque.
The hammer impulse response is shown in Figure 3.14. Higher power transmission can
be seen in higher pressures because the system was stiffer.
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(a) Impulse response at 70 kPa.
(b) Impulse response at 170 kPa.
(c) Impulse response at 275 kPa.
Figure 3.14: Input shaft angle and output torque for a hammer impulse input
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3.4 Discussion
Friction in a single LSRD cylinder has been measured, and the equivalent value for
four cylinders being used in the transmission device was between 29 to 136 mN-m
for three pressures (Figure 3.8). With the device testing setup, the timing belts get
tighter at higher pressures and decreases the friction in the system [69]. Friction in the
device approached the friction in cylinders subjected to higher pressures. At 275 kPa,
these values were substantially close to one another, suggesting that this pressure is
appropriate for the transmission device use. Stiction seen in this test was the torque
needed in input shaft to move the output shaft. The stiction in Figure 3.9 can be seen
in a vertical line when the angle is zero and torque is increasing, and it was the required
torque to move the input shaft and was less than the stiction in the friction test. This
discrepancy is attributed to the fluid and timing belts that transmit the input movement
to the output. The stiffness increased from 66 to 166 mN-m/deg when the pressure was
raised from 70 kPa to 275 kPa. The increase in stiffness resulted from the timing belts,
which were stretched, and therefore stiffer at higher pressures. The output followed the
input manipulation (Figure 3.10). Poor tracking can be seen at lower pressures than
275 kPa. Hysteresis is observed at 70 and 170 kPa when the input arm was at rest
after manipulation; however, the output angle was different from the input angle. At
275 kPa, shaft angles matched during manipulation, which demonstrates low hysteresis
for this pressure. The output shaft was engaged to a stationary force sensor in the step
response test. It led the resistance torque to be in the stiction region and not friction.
Since the stiction has been seen greater at higher pressures, the output torque response
to a torque step input shows higher torque transmitted in lower pressures. Higher power
is expected to be transmitted at high pressures for a moving step response test setup.
The input shaft angle was lower for higher pressures in the step response test, and it
shows that the system stiffens at higher pressures (Figure 3.13). In the impulse test, for
the same input shaft rotation, higher input torque was needed at higher pressures, and
it caused higher output torque (Figure 3.14). Time delay in impulse decreased from
82.4 to 14.0 ms when the pressure was raised from 70 to 275 kPa. The effect of the bulk




LSRD cylinders were used in an antagonist passive hydraulic transmission. Several tests
were conducted to evaluate the dynamic performance of the LSRD cylinders and the
antagonist transmission device. Commercial rolling diaphragm cylinders cannot have a
stroke to bore ratio greater than one. Using LSRD cylinders gives the input and output
shafts 90-degree rotation capability with 2-inch pulleys compared to 60 degrees using
commercial rolling diaphragm cylinders with the same bore size. Since no limitation
exists regarding the stroke length of the LSRD cylinders, the rotation range can be
increased using longer stroke cylinders or smaller pulleys based on the application.
LSRD cylinders can retain long diameter pulleys for higher torque while still attaining
long angular displacement. The tests demonstrate the performance of LSRD cylinders
for applications that need longer stroke lengths. The friction of the device is comparable
to the friction caused by the cylinders at higher pressures because the system stiffens
and timing belts tightens. The friction of 155 mN-m and stiffness of 166 mN-m/deg were
measured for the device with 275 kPa preload pressure. The output shaft tracks the
input manipulation better at higher pressures, and at 275 kPa, the hysteresis approaches
zero. Step and impulse tests demonstrate system fast behaviors and show acceptable
performance at 275 kPa preload pressure. The performance of the transmission device in
several tests shows that 275 kPa (40 psi) of preload pressure is needed for satisfactory
performance. There are full elastomer commercial RD cylinders with longer stroke
length, which has a 170-kPa pressure limit. The performance of the 170 kPa preloaded
system shows that these commercial cylinders are not appropriate to use in this device,
and cylinders with pressure limits are needed. The performance can be improved by
substituting the 3D-printed cylinders used in the prototype transmission with aluminum
versions to increase volume efficiency. This device can be used for different applications
in robotics, from passive wearable robots to telepresence robots. This fixed transmission






A benchtop hydraulic transmission device was described in Chapter 3 for an antagonist
hydraulic transmission. Long-stroke rolling diaphragm (LSRD) cylinders were used in
the device, offering low friction and high stroke length, which allow the transmission to
have a smooth and high-bandwidth movement in an increased range of motion. Adding
a variable transmission between joints enables the system to have a wide range of speeds
and to operate close to the peak power and efficiency [65]. Variable power transmis-
sions can be continuous using variable radii pulleys and a belt or using a hydrostatic
transmission or discrete using digital hydraulics.
4.1.1 Mechanical Variable Transmission
Variable transmission can be continuous (CVT) or discrete (DVT). Rotary mechanical
CVTs usually contain two actuated variable radii pulleys and a belt (Figure 4.1). Speed
or torque in the output can be controlled by changing the input and output radii by
bringing the walls of the tapered-diameter pullley closer together or further apart [9]. A
high normal force between belt and pulley is needed to prevent slip between them, which
reduces the efficiency of the CVT [71]. Discrete hydraulic transmissions were used in
wave energy converting [72]. A continuously variable transmission (CVT) was developed
to maintain the speed of the generator of a wind energy converter by controlling the
transmission ratio. The energy loss in a CVT was significantly reduced using a genetic
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speed ratio control algorithm [73]. A mathematical model of the transmission through
a steel belt and V-belt type continuously variable transmission was developed [74, 75].
A digital manifold with multi-chambered cylinders were used to vary the output force
during a wave [76]. The losses in a hydraulic transmission used for tidal energy con-
verting from valve loss to compressibility losses were modeled in a study [77]. Rotary
mechanical DVTs have a set of discrete transmission ratios and use shifting to change
the ratio. An example is a manual transmission in an automobile.
Figure 4.1: Continuously variable transmission.
Rigid cables can be used to transmit the power between joints. Bowden tension
cables use an inner cable’s movement within an outer sheath to transmit the power in
mechanical systems. The friction in Bowden cables varies with respect to the bend angle.
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Additionally, they suffer from poor backdrivability, high friction, and nonlinear behav-
iors. Backdrivability and reasonable friction can be achieved using a push/pull control
cable; however, only one transmission ratio can be reached by the cable transmission
method (Figure 3.1). The device shown in Figure 3.1 is a BPWR with a transmission
ratio of 1:1 that transmits the power between left and right arms.
4.1.2 Variable Hydraulic Transmission
Hydraulic fluid power systems are well known for their high power density [78, 79].
Hydraulic fluid power systems can reach the same force and power level as electro-
mechanical systems with relatively lighter weight [80]. The fluid carries away the heat
generated in the device, and acts as a lubricant for the components. Hydraulic de-
vices produce considerable torque compared to the small size of the device. Flexible
hoses, lightweight components, and the variable transmission ratio in the system make
hydraulic transmissions a viable choice for robots designed to interact directly with
humans. Hydraulic actuators have high stiffness and small position error [81].
Hydrostatic transmissions are used to transmit rotary power from an input to an
output. The transmission ratio varies continuously in a hydrostatic transmission, which
can operate close to the peak efficiency. However, the overall efficiency is less than
a mechanical gearbox. A variable swashplate piston pump leaks, which lowers the
efficiency and therefore the system cannot be closed because the lost fluid needs to be
replaced. Moreover, the transmission’s dynamic contribution needs to be considered in
hydrostatic transmissions since the transmission is compliant due to the compressibility
of the fluid [82]. Figure 4.2 shows a hydrostatic transmission in which the input drives
a swash plate pump. The swashplate can vary the pump’s flow from zero to maximum
and change the flow direction. The hydraulic motor at the output converts the energy of
the flow to a rotary output motion. Therefore, the speed at the output can be controlled
by the pump swashplate angle that changes the amount of oil delivered by the pump.
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Figure 4.2: Hydrostatic transmission.
A mathematical model for losses in a variable hydrostatic transmission was provided
in a study [83]. This model has optimized the performance of the hydrostatic transmis-
sion for off-the-road vehicles. An energy-saving hydrostatic transmission was suggested
in another study [84]. The efficiency of the system goes down with decreasing the pres-
sure and the volume of the chambers [84]. The system pressure needs to be limited
for interaction with the human body, and wearability requires a small size. Therefore,
the hydrostatic transmission is too inefficient to be used in small-scale applications like
BPWR. High efficiency and small-scale variable transmission are needed to be used in
wearable robots.
4.1.3 Digital Hydraulics
Digital fluid power is the controlling of system output using hydraulic or pneumatic
components that are coupled to the system with switching valves. A digital fluid power
system can be arranged in two configurations. One uses a parallel connection of several
valves to have a certain number of discrete outputs, while various valves are used to
split the flowrate (Figure 4.3). There is no need to switch components on or off to
maintain a specific output value. Figure 4.4 shows the other branch of digital fluid
power, which uses continuous pulse width modulation to have infinite output values.
Fast and continuous switching is needed to maintain any output value. Although the
output can get to any value, the valve response time can limit the smallest or largest
possible duty cycles [56].
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Figure 4.3: Digital fluid power circuit using parallel connection.
Figure 4.4: Digital fluid power circuit using continuous pulse width modulation.
In a parallel connection, the system’s flowrate is the sum of the flow rate of the open
valves. Two factors determine the output flow. The first factor is the number of parallel
connections N , and the second one is the relative flow capacities of the valves, known
as coding of the valve (valves orifice diameters). The system has 2N output values, and
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the number of outputs depends only on the number of the parallel connections N and
not the coding of the valve. Based on the coding of the valves, some of the outputs can
be the same [56].
It is possible to have a fast opening from a 0 percent to 100 percent flowrate in
parallel connection since the time required for this opening depends only on individual
valves’ response time. In other words, opening ten tiny valves with the area of 10 mm2
and response time of 10 ms takes only 10 ms, while opening one large valve with the
area of 100 mm2 takes longer. Having redundant transmission ratios allows high fault
tolerance in parallel connections. Several parallel components can work to compensate
in case of a valve failure and result in the same transmission ratio. The transition from
one state combination to another requires switching of several valves can cause a high-
pressure peak in a parallel connection system [56]. Flow losses in the valves and hoses
and compressibility are the most critical losses in these systems. Compressibility losses
occur whenever a valve switches the chamber pressure line between high pressure and
low pressure [67].
A variable transmission can be achieved using a digital hydraulic cylinder based on
the digital fluid power parallel connection. An array of switched cylinders is one example
of digital hydraulic actuators, as shown in Figure 4.5a. A multi-chamber cylinder, a
more compact solution, is shown in Figure 4.5b. Four chambers can deliver 16 unique
negative or positive force values in the output. The number of force values is Pm, where
P is the number of pressure supply lines and m is the number of chambers [56].
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(a) Array of cylinders. (b) Multi-chamber cylinder.
Figure 4.5: Digital hydraulic actuators
4.1.4 Proposed Variable Hydraulic Transmission
Figure 1.2 shows the proposed hydraulic transmission for a BPWR. This device connects
multiple joints to transmit power produced by the patient’s strong segments to the
stroke-affected ones.
Figure 3.4 shows the hydraulic circuit of the transmission equipped with two cylin-
ders on each joint. A transmission ratio of 1:1 between input and output joints was
achieved by pre-pressurizing the system using a hand pump and closing the isolation
valve.
Having a certain number of discrete transmission ratios is feasible using a digital
hydraulic concept. Digital fluid power is controlling of system output using hydraulic or
pneumatic components that are coupled to the system with switching valves. A digital
fluid power system can be arranged in two configurations. One uses a parallel connection
of several valves to have discrete outputs, and the other uses continuous pulse width
modulation to maintain an infinite output value [56].
A discrete variable transmission based on the concept of digital hydraulic was studied
in [58] using commercial rolling diaphragm cylinders. 37 different transmission ratios
are reached using 6 cylinders. Using three way-two position solenoid valves caused an
inefficient pressure drop in this system. Furthermore, the short stroke rolling diaphragm
cylinders used in the study have limited the performance range.
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In this chapter, a discrete variable transmission equipped with long-stroke rolling
diaphragms and two way-two position on/off valves is proposed and evaluated.
4.2 Methods
4.2.1 Design of a variable hydraulic transmission
The digital transmission used several linear to rotary actuator packages that each con-
tained two cylinders, timing belts and a multi-diameter pully (Figure 3.3). All the
pulleys in input/output were connected to the input/output shaft, which allowed every
cylinder to affect the transmission ratio. Using two on/off valves for each of the cylin-
ders made it possible to have the variable transmission ratio in the system. As shown
in Figure 4.6, every cylinder can be either connected to the common closed manifold or
the reservoir. Cylinders with different bore sizes increase the number of transmission
ratios.
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Figure 4.6: Variable hydraulic transmission circuit with four cylinders.
Transmission ratio analyses on a variable hydraulic transmission is performed in
previous studies [58]. Similar analyses can be conducted on the variable transmission.
The joint angles of the system can be represented by matrix θ = [α1 α2 · · · αn].
The system had two joints with angles of θ = [α β]T . The displacement in each of the
cylinders is a function of joint angle for the corresponding pulley size. The displacement
of each piston can be represented by the displacement matrix x = f(θ) = rθ, where r is
the pulley radius. The piston velocity is the time derivative of displacement ẋ = ∂f∂θ θ.
With the hydraulic system’s incompressibility assumption, each cylinder’s flowrate is
Qi = ẋAi where A matrix is the diagonal matrix of all n cylinders’ cross-sections. The
flowrate matrix is a function of the joint velocity matrix, and it can be represented by
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a Jacobian J ∈ Rn×m where n is the number of pistons, and m is the number of joints.





The net flow into and out of the system is Qtotal =
∑n
i=1Qi . It can be represented
in the following vector notation:
Qtotal = 1
TJθ̇ (4.3)
where 1 is an n-dimensional column vector of ones.
Two on/off valves connect each cylinder to either the closed manifold or the reservoir.
The set of valves can be represented by a vector s. For each cylinder i, si = 1 if the
cylinder is connected to the manifold and si = 0 if the cylinder is connected to the
reservoir. The total flow rate going into the manifold must be zero
sTQtotal = s
TJθ̇ = cT θ̇ = 0 (4.4)
c is a m-dimensional constraint vector c = JT s. The flow rate going into the tank
will be equal to the total flow rate since the common manifold’s flow rate is zero.
QT = Qtotal = 1
TJθ̇ (4.5)
The flow going into the tank needs to have the same pressure as the common manifold
pressure to ensure the joints stay neutral when there is no additional torque on them.
That requires the tank to be an accumulator (Figure 2.10) to be pre-pressurized with
the system.
Alternatively, the system can be more compact by removing the accumulator. The
net flow rate to the tank (QT ) needs to be zero in this case (1
TJ = 0). This adds a
geometrical constraint in designing the transmission (1TJ = 0). In this case, instead of
a common manifold and a reservoir, there will be a manifold A and manifold B.
The manifold B are all the lines that the valve state (s) is zero for them. The
flowrate in manifold B has to be zero, and it adds a constraint in choosing the cylinders’
bore and pulley sizes.
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The manifold A are all the lines that the valve state (s) is one for them. The flowrate
in manifold A has to be zero, and it determines the transmission ratio between the joint.














Using four cylinders and eight valves (Figure 4.6), 16 (24) transmission ratios are
available. Still, 11 are redundant, two of them are not useful (+inf and -inf), leaving
only 3 unique variable transmission ratios including zero, 1:1, and 1:-1.
Table 4.1: The dimension of a variable hydraulic transmission with eight cylinders.
1 2 3 4
Cylinder bore (mm) 20.3 27.3 20.3 27.3
Pulley diameter (mm) 45.7 30.5 45.7 30.5
For valve state s = [1010]T , since c = JT s and JT =
[
0.9 −0.9 0 0
0 0 0.9 −0.9
]
, the
corresponding transmission ratio is T = β̇α̇ = −1 since c1 = 0.9 and c2 = 0.9.
Figure 4.7 shows the variable hydraulic transmission device with eight LSRD cylin-
ders, four pulleys, and sixteen valves. Pulleys connected to the joint shafts allow all
cylinders to affect the transmission ratio. Each cylinder can be connected to the common
manifold A or B using the on/off valves.
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Figure 4.7: Variable hydraulic transmission circuit with eight cylinders.
Choosing one size for the large cylinders and one for the small ones and setting the
pulley sizes for cylinders 1 to 3 and 5 to 7, the constraint (1TJ = 0) can be used to find
the pulley size for cylinder 4 and 8. Table 4.2 shows the dimension of this transmission
setup and Figure 4.8 demonstrates the 67 unique transmission ratios range from -6.5 to
+6.5.
Table 4.2: The dimension of a variable hydraulic transmission with eight cylinders.
1 2 3 4 5 6 7 8
Cylinder bore (mm) 20.3 27.3 20.3 27.3 20.3 27.3 20.3 27.3
Pulley diameter (mm) 45.7 30.5 30.5 10.2 45.7 30.5 45.7 17.8
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Figure 4.8: The 67 unique transmission ratios for all possible valve states for a trans-
mission setup with eight cylinders.
The proposed variable hydraulic transmission
The system in Figure 4.7 has eight cylinders and 16 valves. To simplify the system, two
cylinders are removed from the output. Due to the number of redundant transmission
ratios, removing two cylinders from the output allows having no valves at the output.
Figure 4.9 shows the resulting system with six cylinders and no output valves. Due to
the antagonist action in the cylinders at the output, cylinder number 5 is permanently
connected to manifold A, cylinder 6 is connected to manifold B, and the transmission
switches occur at the input.
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Figure 4.9: The proposed variable hydraulic transmission circuit with six cylinders.
This configuration makes the system asymmetrical, with four cylinders at the input
and two cylinders at the output. This will cause different performance from input to
output and reversely. On the other hand, this will allow the removal of eight valves
from the system. The output joint will be more compact with a lower pressure drop
due to the lower number of valves in the system.
Two bore sizes were chosen for cylinders. Pulley sizes were set by the fact that 1TJ
must be zero. The pulley sizes for cylinders 1,2,3, and 5 were chosen, and the pulley
sizes for cylinders 4 and 6 were found using the constraint.
Table 4.3 shows the dimension of the cylinders and pulleys in the system. The bore
size is the diameter corresponding to the effective area discussed in Chapter 2.
Figure 4.10 shows the device with the input on the left and output on the right.
90
Table 4.3: The dimension of the proposed variable hydraulic transmission.
1 2 3 4 5 6
Cylinder bore (mm) 20.3 20.3 27.3 27.3 20.3 20.3
Pulley diameter (mm) 45.7 30.5 30.5 38.6 30.5 30.5
Figure 4.10: The bench-top setup of the proposed variable hydraulic transmission.
Pulleys were designed to have different diameters on each side to have unique pulley
sizes for each of the cylinders in pair (Figure 4.12). A cable was inserted inside the
pulley and fixed with epoxy. A pair of pulleys were used for each cylinder pair. The
cable was tensioned by pre-pressurizing the system (Figure 4.11).
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(a) Input (Driver joint). (b) Output (Driven joint).
Figure 4.11: The cable/pulley mechanism to transmit translational movement to rota-
tional.
Figure 4.12: The double-sized pulley design to fix the the cable in.
Figure 4.13 and Table 4.4 show the 15 unique transmissions from input with four
cylinders to the output with two cylinders. The valve state (s) required to have each
transmission ratio is shown in Figure 4.4.
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Table 4.4: The 15 transmission ratios and required valve state of the system shows in
Figure 4.10 and Figure 4.9
Transmission ratio s[1] s[2] s[3] s[4] s[5] s[6]
-3.4 1 0 1 0 1 0
-2.4 1 1 1 0 1 0
-1.9 0 0 1 0 1 0
-1.5 1 0 0 0 1 0
-1 1 0 1 1 1 0
-0.9 0 1 1 0 1 0
-0.5 1 1 0 0 1 0
0 0 0 0 0 1 0
0.5 0 0 1 1 1 0
0.9 1 0 0 1 1 0
1 0 1 0 0 1 0
1.5 0 1 1 1 1 0
1.9 1 1 0 1 1 0
2.4 0 0 0 1 1 0
3.4 0 1 0 1 1 0
.
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Figure 4.13: The 15 unique transmission ratios for all possible valve states.
The unique transmission ratio and valve state for each transmission for the system
driven reversely are shown in Figure 4.14 and Table 4.5.
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Table 4.5: The transmission guideline and required valve state of the system that is
reversely driven.
Transmission ratio s[1] s[2] s[3] s[4] s[5] s[6]
-2 1 1 0 0 1 0
-1.13 0 1 1 0 1 0
-1 1 0 1 1 1 0
-0.67 1 0 0 0 1 0
-0.53 0 0 1 0 1 0
-0.42 1 1 1 0 1 0
-0.3 1 0 1 0 1 0
0 0 0 0 0 1 0
0.3 0 1 0 1 1 0
0.42 0 0 0 1 1 0
0.53 1 1 0 1 1 0
0.67 0 1 1 1 1 0
1 0 1 0 0 1 0
1.13 1 0 0 1 1 0
2 0 0 1 1 1 0
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Figure 4.14: Unique transmission ratios for all possible valve states of the system that
is reversely driven.
As demonstrated in Tables 4.4 and 4.5the valve state for the cylinders 5 and 6 are
fixed for all the unique transmission ratios. Therefore, the valves for the output cylinders
can be removed, as discussed before.
4.2.2 Performance evaluation
The system was pre-pressurized to 30 psi (210 kPa) for all the performance evaluation
tests, and the isolation valve was closed.
Position transmission
A stepper motor (Pololu, # 2267) was used with a motor controller (Pololu, # 3130)
to give random positions to the input joint while the output joint was unloaded (Figure
4.15). The motor was connected to the input shaft using a timing belt and pulley. The
input and output positions were measured using a 1000 PPR incremental optical rotary
encoders (Calt, # GHS38-6G2500BMP526) connected to the shafts using timing belts
and pulleys. There were 20 trials for each of the transmission ratios. The test was
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performed having the joint with four cylinders as the input for transmission ratios of
1:1, 1:0.5, 1:2.4, 1:-0.9, 1:-1, and 1:-3.4 and transmission ratios of 1:1, 1:0.4, 1:-0.3, and
1:-1 when the system was driven reversely from output to input.
(a) Stepper motor. (b) Motor controller
Figure 4.15: Stepper motor and controller used to test the transmission. (Images from
www.pololu.com)
Position tracking
The stepper motor drove the input joint with four cylinders with a sinusoidal dis-
placement while the output was unloaded. The valves were set to switch between six
transmission ratios from 1:1 to 1:-1.5, 1:0, 1:0.5, 1:-1, and 1:2.4. The input and output
joint displacements were measured using the rotary encoders.
Frequency response
The input joint was moved at frequencies from 0.1 to 4 Hz while the output joint was
unloaded. The rotary encoders were used to measure the displacement of the input and
output joints. The amplitude and phase diagrams were derived from the periodic input
and output displacements. Four Hz was the maximum frequency tested as 4 Hz would
be the maximum useful frequency in rehabilitation and most puppetry applications.
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Output acceleration bump
The stepper motor was placed on the input joint to move it with a constant velocity
(zero acceleration) while the output joint was unloaded. There was a displacement with
zero acceleration at the output. An accelerometer (SparkFun ADXL337) was placed on
the output handle, 2.5 inches from the joint. A bump in acceleration was seen when the
transmission ratio was switched. The acceleration bump would disturb the performance
of the output joint while the input joint is being moved.
The transmission ratio switch effect on the acceleration bump was evaluated by
repeating the test from transmission ratio of 1:0.9 to 1:1.9, 1:3.4, 1:1, and 1:-0.9. Each
of these requires 1, 2, 3, and 4 pairs of valves to be switched, respectively. Another test
was conducted to evaluate the acceleration bump in the output if all the required valves
switch simultaneously or in a sequence. Sequence delays of 0 ms, 35 ms, 40 ms, 55 ms,
and 75 ms were considered to show the importance of the valve actuation sequence.
The settling time was derived from the displacement plots as the time span since the
acceleration settled in the steady-state error bar.
Input acceleration bump
The input handle was moved at an approximately constant velocity (zero acceleration)
with the output joint unloaded. The accelerometer was placed on the input handle, 2.5
inches from the joint. The handle was gripped softly with two fingers (Figure 4.16a)
and hard with the palm (Figure 4.16b) to address the operator’s damping action. The
acceleration bump was evaluated for the case where the valves were actuated simultane-
ously or in a sequence. The transmission ratio was switched from 1:0.9 to 1:1 and 1:-09
simultaneously and with a 40 ms delay. The augmented Lagrangian method discussed
in [85] was used to denoise the acceleration. Figure 4.17 compares an example of the
measured and filtered acceleration data.
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(a) Soft grip. (b) Hard grip.
Figure 4.16: The input manipulation during the input acceleration bump test.
Figure 4.17: The measured acceleration vs the filtered acceleration for transmission
switched from 1:0.9 to 1:1 with no delay.
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Haptics
Low friction, high efficiency, and incompressibility of the fluid are necessary for haptic
feedback. To test the system’s haptic capabilities, a balloon was set to be on the output
workspace with a sharp object placed on the output handle (Figure 4.31a). The user
was blindfolded, had white noise on headphones, and was not aware of the balloon or
the handle position. A transmission ratio of 1:1.5 and 1:3.4 was set on the device, and
multiple cases were tested during this scenario.




Figure 4.19 shows the 120 trials at six transmission ratios. The gray dashed lines
indicate the expected transmission ratio. The error between the expected and measured
transmission ratio varies from zero to three percent.
Figure 4.19: Position transmission of the system. Gray lines specify the expected trans-
mission ratio and black dots are experimental trials.
By switching the input and output, the stepper motor carried the output and the
system was driven reversely while the input was unloaded. Figure 4.20 shows the 60
trials at four different transmission ratios. The expected transmission ratio is depicted
by the gray dashed line. The error by using the device reversely is from six to 12 percent.
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Figure 4.20: Position transmission of the system that is reversely driven. Gray lines
specify the expected transmission ratio and black dots are experimental trials.
4.3.2 Position tracking
The input joint with four cylinders moved consistently with the stepper motor going
through a sinusoidal. The input and output positions over the six transmission ratios
are shown in Figure 4.21.
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Figure 4.21: The position tracking of the system where the switches in transmission
ratio are shown with a black arrow. The dashed line depicts the expected output.
4.3.3 Frequency response
The position output to input ratio and phase delay of the unloaded system at trans-
mission ratio of 1:1 and 1:-1.5 are illustrated in Figure 4.22. The input were moving at
frequencies from 0.1 to 4 Hz. The input and output positions were measured using the
rotary encoders.
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Figure 4.22: The amplitude and phase frequency response of the system with transmis-
sion ratio of 1:-1 and 1:-1.5.
4.3.4 Output acceleration bump
The acceleration at the output handle was measured while the input was moving at the
constant velocity. The acceleration was zero at the input and output handles; however,
a bump in acceleration happened at the input and output handles by switching the
transmission ratio. Figure 4.23 illustrates the acceleration bump at the output while
changing the transmission from 1:0.9 to 1:1.9, 1:3.4, 1:1, and 1:-0.9. The valves all were
switched at the same time.
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Figure 4.23: The acceleration bump in the output for four transmission switches. The
switches in transmission ratio are indicated with the gray dashed line. The number of
valves required to be switched is depicted
The maximum acceleration bump for these transmissions is shown in Figure 4.24.
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Figure 4.24: The maximum acceleration in the output for four transmission switches.
The error bars show the maximum and minimum cases out of five trials.
Sequencing the valve switching times reduced the acceleration bumps. The delay in
milliseconds was the time each pair of valves stood by prior to getting actuated after
the previous pair of valves switched. Figure 4.25 indicates the acceleration bump for the
transmission ratio switched from 1:0.9 to 1:1, which includes actuation in three pairs of
valves. The sequence delay was 0, 35, and 40 ms.
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Figure 4.25: The acceleration bump in the output with simultaneous and staggered
actuation of three pairs of valves.
As the input consistently moves with zero acceleration, the settling time is the time
for the output acceleration bump to settle in the error bar of 0.2 m/s2. Figure 4.26
shows the maximum acceleration bump and settling time for sequence delay from 0 to
75 ms.
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Figure 4.26: The maximum acceleration bump and settling time in the output for
simulations and delayed actuation of the valves.
The settling time, error bar, and maximum acceleration bump for the output ac-
celeration of a switch from 1:0.9 transmission ratio to 1:1 are illustrated in the Figure
4.27. The stepper motor was used to have a constant acceleration, and the vibration of
the stepper motor causes some steady-state error in acceleration which was found to be
around 0.2 m/s2.
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Figure 4.27: An example of recorded acceleration with the maximum acceleration bump,
settling time, and error band shown.
4.3.5 Input acceleration bump
The acceleration bump at the input joint was measured while the output was unloaded,
and the input was being moved by a soft grip and hard grip at an approximately constant
velocity. Figure 4.28 shows the acceleration bump of the input joint for transmission
switch from 1:0.9 to 1:1 with soft and hard grips at simultaneous valve actuation and a
sequence valve actuation with the delay of 40 ms.
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Figure 4.28: The acceleration bump in the input with simultaneous and delayed actua-
tion of the valves for soft and hard grip of the input handle. Switching the transmission
ratio from 1:0.9 to 1:1.
The soft and hard grip acceleration bump at the input joint for transmission switch
from 1:0.9 to 1:-0.9, which requires four pairs of valves to switch, is shown (Figure 4.29).
110
Figure 4.29: The acceleration bump in the input with simultaneous and delayed actua-
tion of the valves for soft and hard grip of the input handle. Switching the transmission
ratio from 1:0.9 to 1:-0.9.
The maximum acceleration in the input joint for a soft and hard grip is depicted
(Figure 4.30).
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Figure 4.30: The maximum acceleration bump and settling time in the input for simu-
lations and delayed actuation of the valves for soft and hard grip of the input handle.
4.3.6 Haptics
The qualitative test was conducted on the haptic feature of the transmission device.
The user on the left was blindfolded, had headphones on with white noise playing, and
was not aware of the position of the handle and whether the balloon exists or not.
The mission was to avoid breaking the balloon. Figure 4.31 shows two attempts with
and without the balloon. The transmission ratio was 1:3.4, and the same quality was
achieved by conducting the same test with a transmission ratio of 1:1.5.
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(a) User can feel the balloon before popping it. (b) User can tell if the balloon is in or out.
Figure 4.31: The screenshot of the qualitative haptic video.
4.4 Discussion
Backdrivability is crucial for the system as it allows a smooth motion from input to
output, and reversely. Figure 4.10 shows the system with the input with four cylinders,
and the output with two cylinders. Due to the system’s asymmetry, performance from
output to input differs from input to output’s performance. Having only two cylinders
at the output allows the valves at the output to be removed. Furthermore, a smaller
number of cylinders means less friction in the system.
Higher number of cylinders are required to have more unique transmission ratios.
If the reservoir pressure is the same as the system using the accumulator; then, the
constraint can be neglected and higher number of transmission ratios are achievable at
the expense of an accumulator in the system.
Figure 4.19 shows the position transmission from input to output. The error is less
than 3 percent from the expected output. The manufacturing error, the elasticity of the
hose, and diaphragms cause this volume inaccuracy. The manufacturing error includes
the area of the cylinders discussed in Chapter 2 added to the error in sizing of the
pulleys and misalignment of the cylinder rods.
Figure 4.20 shows the position transmission from output to input. In this case,
added to the volume inaccuracy is the higher friction at the driven joint (with four
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cylinders) which results in an error from the expected position of up to 12 percent.
The position tracking illustrated in Figure 4.21 proves the functionality of the trans-
mission device. The transmission ratio of 1:0 shows the noise that is there due to the
volume inefficiency.
The frequency response shown in Figure 4.22 illustrates stable performance over the
range of frequencies. Low phase difference and constant amplitude assure the perfor-
mance for MRI applications (lower than 0.5 Hz), rehabilitation (lower than 1 Hz), and
puppeteering (lower than 4 Hz).
Both input and output handle bump when the transmission switches. Figure 4.23
shows that the output acceleration bump is not dependent on the difference in trans-
mission ratio before and after the switch. However, the output acceleration bump,
which affects the output’s precision, depends on how much disturbance in flow occurs
by switching the transmission ratio. The higher number of valves involved in the trans-
mission ratio causes more acceleration bump at the output (Figure 4.24). This bump is
primarily rooted in the flow stoppage in the valves that are open and need to be closed
for the new transmission ratio.
Figure 4.25 illustrates that a delayed sequence in valve actuation decreases the accel-
eration bump at the output. In this case, the flow stoppage would happen in a sequence
that will lessen the effect of the impulse at the output. However, the settling time of the
output joint is the time for the output to settle to below of 0.2 m/s2. A delay higher
than 40 ms does not affect the acceleration bump; however, it increases the settling time
(Figure 4.26).
The effect of the sequence delay in valve actuation on input acceleration bump
depends on how the handle is gripped by the user (Figure 4.30). The soft grip at the
input provides higher damping and consequently, lower peak acceleration. The hard
grip, however, increases the peak acceleration.
The force at the input increases for any constant force at the output by increasing
the transmission ratio. Hence, the system provides higher haptic feedback at higher
transmission ratios. The haptic feedback is high enough to detect a balloon at the output
with a sharp object for transmission ratios 1:1.5 and higher. The friction, compliance,
and damping of the system should be eliminated to have better haptic feedback.
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4.5 Conclusion
Having a constraint on the design to have zero net flow rate in each manifold allows
one to remove the system’s accumulator. In the realization presented in this chapter,
the transmission had four cylinders at the input, two cylinders at the output, and eight
valves to control the transmission ratio. The position transmission of this variable
hydraulic transmission enabled close tracking between input and output. Less than 3
percent of error was found for position transmission from input to output for all the
transmission configurations.
The output and input will experience a bump in acceleration at the moment of
changing the transmission. This acceleration bump depends on stoppage in the fluid
lines due to the switching. The number of required valves to switch can be related
to address the bump at the output. Sequencing the actuation of the required valves
decreases the acceleration bump at the expense of higher settling time. 40ms of delay
was found to be a viable delay time for the valve actuation.
The system’s inefficiencies come from friction in the cylinders and mechanical joints,
pressure drop in the valves, and compressibility of the fluid. The haptic feedback from
the output to input is adequate. A soft object like a balloon can be felt at the input by
a sharp object at the output before popping.
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Chapter 5
Force Transmission Modeling in a
Variable Hydraulic Transmission
5.1 Introduction
Hydraulic systems in various applications have been modeled to achieve performance
evaluation and improvement. The hydraulic transmission used for a wind turbine power
conversion was modeled dynamically [86]. Mathematical modeling of components from
pipelines to pumps was conducted to evaluate the performance of a hydraulic transmis-
sion in an offshore wind turbine [87]. A deductive mechanical and hydraulic mathemat-
ical modeling were performed in a continuous hydraulic transmission [88, 89].
The proposed variable hydraulic transmission in this thesis is illustrated in Figures
4.9 and 4.10. Force transmission evaluation is necessary to find the losses in the system,
and modeling the system allows for specific improvements in components. The volume
and force efficiencies affect the position and torque performance of the system. The
position transmission related to uncertainty in the piston area was discussed in Chapter
4 and resulted in an accuracy of 98 percent.
The main losses in the system can be separated into mechanical and hydraulic pres-
sure drop losses. The mechanical loss includes the friction at the mechanical joints and
translational to the rotational mechanism and the long-stroke rolling diaphragm cylin-
ders. In Chapter 2, the friction in the long-stroke rolling diaphragm was found to be
two to five percent of the load.
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Multiple designs for the joint in transmission were suggested by others. The timing
belt, chain, and cables can be used to transmit the translational movement to a rotary
one. A timing belt and pulley pair were used in an antagonist transmission described
in previous chapters and a teleoperated robot designed for puppeteering purposes [5].
The challenge was to have equal tension in the pair of timing belts. A continuous cable
design resolves that concern and allows a compact design for the joints.
The shafts of the cylinders were attached perpendicularly to a joint handle at a
different offset in a previous study [90], to provide different moment arms for each
cylinder and increase the number of unique transmission ratios in a variable hydraulic
transmission. The force and position of each cylinder were perpendicular to the joint
handle as long as the handle was vertical. The shaft to handle misaligned with about
two degrees of rotation at the joint. This affects the accuracy of the Jacobin calculated
for the relationship between the joint speed and hydraulic flowrate. The inaccuracy in
the design of the joints in a variable hydraulic transmission directly affects the force
efficiency of the device.
Hydraulic components geometries affect the flow resistance and hydraulic loss. The
hose diameter, valves orifice size, the number of fittings are some of these parameters.
A thorough evaluation of these parameters and their significance in the system’s overall
efficiency allows designers to find the best parameters to address.
The flow resistance and dynamic performance of hydraulic components have been
evaluated in previous studies. The dynamic friction in the hydraulic cylinders were
evaluated in one study [91]. This study concluded that the dynamic friction depends on
the backing material of the rolling diaphragm and the pressure in the chambers. The
flow forces on a seat valve were investigated in a study [92]. The geometry of the valve
were discussed in previous chapters. The flow resistance in valves is the significant loss
in digital hydraulics [93]. An evaluation of the system loss is needed for each of these
components to be designed properly.
A variable hydraulic transmission was modeled in a previous study [90]. The mod-
eling was to find the loss from the driver joint to the driven joint by considering the
mechanical friction, flow resistance, and compressibility of the fluid in cylinders and
manifolds.
Hydraulic analogy or drain-pipe theory is a method relating flowrate and pressure
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in a hydraulic circuit based on the flow resistance [62, 94]. There are two laws similar
to Kirchhoff’s laws for hydraulics. One is the algebraic sum of flowrate in a network
meeting at a point is zero. The second law is the directed sum of the pressure differences
around any closed loop is zero.
In this chapter, the mechanical performance of the joints with hydraulic cylinders
and a cable-driven translational to rotational mechanism is evaluated. A hydraulic
analogy is used to model the loss from the driver joint to the driven joint. Furthermore,




To evaluate the friction in the system, the torque required to move the unloaded output
at several transmission ratios was measured experimentally. A force gauge (Mark-10,
M5-200) was used to measure the maximum force to pull a timing belt around a pulley
at the input while the output was unloaded.
The torque transmitted to the output is
Ttransmitted to output = Tapplied to input − Tfriction (5.1)
where Tapplied to input is the torque applied at the input, and Tfriction is the friction
torque in an unloaded configuration.
Figure 5.1 shows the setup used to test the torque transmission from input to output.
The output was engaged with a calibrated spring (Ttransmitted to output) while the torque
required to move the output handle (Tapplied to input) was measured at the input using
the force gauge.
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Figure 5.1: Output loaded with calibrated spring.
5.2.2 Force and Velocity Dependency
The unloaded output was moved by hand at two different velocities to evaluate the
damping of the system. The velocity was tested using the encoder at the input joint.
The maximum torque required to move the system at 5 and 80 deg/s was tested at
different transmission ratios. The same test was conducted on the system from output
to input at 5 and 80 deg/s.
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5.2.3 Modeling Force Transmission
A superposition method was used to model the unloaded system loss. The model was
validated at different speeds with the experimental results from the previous section.
Figure 5.2 illustrates two sources of loss in the system. One was the mechanical friction
in joints and cylinders, and one was the loss across the hydraulic setup, including the
hoses, valves, fittings, and fluid entrances and exits.
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Figure 5.2: The superposition method to model the loss of the system. The total loss
is the superposition of the hydraulic system losses and joint mechanical losses.
The loss in the two mechanical joints, including the cylinders, was measured exper-
imentally. Characterizing the losses in the system allows finding the force transmission
in the system. To remove the effect of the hydraulic losses, all cylinders at the input and
output were connected with a short length of hoses, and the cylinders were pressurized
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with air. Cylinders were pressurized for the cable pulley mechanism to be tightened
and provide the same performance. Since 1TJ was zero, A1D1−A2D2 +A3D3−A4D4
and A5D5 − A6D6 were zero, and torque equilibrium were met at the joints. Ai is the
cylinders’ effective area, and Di is the pulley diameter. Figure 5.3 shows the circuit
where the input cylinders and output cylinders are connected and pressurized to 200
kPa.
(a) Input joint. (b) Output joint.
Figure 5.3: The pneumatic setup to test the mechanical friction at joints.
The other source of the loss (from hydraulics) can be modeled and be added to the
mechanical loss. To model the loss in a hydraulic unit, the flowrate of the fluid and
the fluid properties and system geometries were needed. Different lines of the system
had different components and geometries. In some lines, there were valves and a higher
number of fittings. Therefore, the system had to be split into separated lines with a
relative flowrate. A hydraulic analogy similar to the Kirchhoff’s law in electric circuits
was used to relate the flowrate and the cylinders’ pressure.
For example, to model the loss in hydraulic system for transmission ratio of 1:1 from
input to output depicted in Figure 5.4. The net flowrate into two fluid intersections
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was set to be zero. Furthermore, since the 1TJ was zero and no mechanical loss was
assumed, A5D5−A6D6 was zero, and the flowrate in lines 6 and 2 were equal (Equation
5.2). For the input speed of 5 and 80 deg/s, the Q1 can be calculated from Equation
4.1.
Figure 5.4: The hydraulic circuit for the transmission ratio of 1:1.
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Q1 = Q5 +Q6
Q5 +Q3 = Q4
Q6 = Q2
(5.2)
Assuming there was no mechanical loss at the joints, the torque measured at the
input while being moved provides pressure in cylinder 1 (P1). The loss at each line was
calculated by the flowrate calculated in Equation 5.2. Based on the Kirchhoff’s law, the
pressure at other cylinders can be written based on P1 (Equation 5.3).
P1 − L1 − L5 − L4 = P4
P1 − L1 − L5 + L3 = P3
P1 − L1 − L6 = P6
P5 = P6
P5 − L2 = P2
(5.3)
The pressure loss can be found from .




where V is the flow velocity, g is the gravitational acceleration, and K factors are listed
in Table 5.1 [95, 96, 97].
Table 5.1: K factors for the pressure drop across the hydraulic components.
Hose Valve Elbow Tee Entrance Exit





4 − 1) + 2(1− ( dD )
4) 1.3 1 0.5 1
Re is the Reynolds number, f is 64Re for laminar flow, L is the hose length, D is the
hose diameter (6.35 mm) and d is the valve orifice diameter (1.82 mm). Each valve
was considered as square reduction to the valve diameter ((1.2 + 160Re )((
D
d )
4 − 1)) and a
square expansion back to the hose diameter (2(1− ( dD )
4)).
The torque measured at the input joint is
T = P1(A1D1)− P2(A2D2) + P3(A3D3)− P4(A4D4) (5.5)
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Using the pressure drop equations, the pressure at each cylinder can be derived with
respect to P1 from Equation 5.3.
T = P1(A1D1)− (P1 − L1 − L6 − L2)(A2D2)+
(P1 − L1 − L5 + L3)(A3D3)− (P1 − L1 − L5 − L4)(A4D4)
(5.6)
or to simplify
T = P1(A1D1 −A2D2 +A3D3 −A4D4) + (L1 + L6 + L2)(A2D2)
− (L1 + L5 − L3)(A3D3) + (L1 + L5 + L4)(A4D4)
(5.7)
Since 1TJ was zero, A1D1−A2D2+A3D3−A4D4 was zero, and the torque measured
at the input for the loss in hydraulics only depended on the geometry of the mechanical
and hydraulic systems, manipulation speed, and fluid properties (Equation 5.12).
T = (L1 + L6 + L2)(A2D2)− (L1 + L5 − L3)(A3D3) + (L1 + L5 + L4)(A4D4) (5.8)
The same method was used to find the hydraulic loss at other transmission ratios or
if the system was used reversely. For example, for the same transmission ratio, a similar
method can be used to model the torque to overcome the hydraulic loss from output
to input (Measuring the torque required to move the unloaded system from output to
input.) Assuming there was no mechanical loss at the joints, the torque measured at
the output while being moved, provides pressure in cylinder 5 (P5). The flowrate was
described in Equations 5.2. Assuming P1 = P5 + δ, where δ can be positive or negative
and the pressure equations can be written as
P6 = P1 − L1 − L6 = P5 + δ − L1 − L6
P4 = P5 + δ − L1 − L5 − L4
P3 = P5 + δ − L1 − L5 + L3
P2 = P5 − L2
P1 = P5 + δ
(5.9)
Since zero mechanical loss at the input joint was assumed, then P1(A1D1)−P2(A2D2)+
P3(A3D3)−P4(A4D4) = 0, and A1D1−A2D2 +A3D3−A4D4 = 0, P5 would be out of
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the equation, and δ can be found as
δ =
(−L2)A2D2 + (L1 + L5 − L3)A3D3 − (L1 + L5 + L4)A4D4
A1D1 +A3D3 −A4D4
(5.10)
The torque measured at the input joint is
T = P5(A5D5)− P6(A6D6) = P5(A5D5)− (P5 + δ − L1 − L6)(A6D6) (5.11)
and since A5D5 −A6D6 = 0, the torque can be simplified to
T = (L1 + L6 − δ)(A6D6)
= (L1 + L6 −




Once again, the friction torque in the input joint only depended on the geometry of
the mechanical and hydraulic systems, manipulation speed, and fluid properties. The
torque from the superposition of hydraulic modeling results and mechanical joint friction
was verified at different velocities and transmission ratios with the experimental results.
5.3 Results
5.3.1 Force Transmission
Figure 5.5 indicates the torque required to move the input (with 4 cylinders) and output
(with 2 cylinders) to a particular angle when the hydraulic transmission was not engaged.
The system was unloaded, and the torque shown in this figure was only coming from
the mechanical joints and the long-stroke rolling diaphragm cylinders.
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Figure 5.5: The torque required to overcome the mechanical friction at joints.
The torque transmission from one side to another was tested using a calibrated
spring attached to the handle at the output and recording the torque required to move
the input joint.
The torque transmission of the loaded system is shown in Figure 5.6. The error of
the loaded torque transmission closely matched the friction in the system.
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(a) Transmission ratio of 1:0.5. (b) Transmission ratio of 1:1.
(c) Transmission ratio of 1:1.5.
Figure 5.6: Force transmission in loaded and unloaded system. The grey solid line
illustrates the torque required to move the input when the transmission was engaged,
but the system was unloaded at the output at three transmission ratios.
5.3.2 Force and Velocity Dependency
The maximum experimental torques recorded to move the unloaded system from input
to output at low and high speed for three transmission ratios are depicted in Figure 5.7.
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Figure 5.7: The maximum torque required to move an unloaded system from input to
output. The slow velocity was 5 deg/s and the fast velocity was 80 deg/s
Lower velocity dependency can be seen in the maximum torque recorded to move
the system from output to input. Figure 5.8 shows the maximum torque required to
move the system from output to input for three transmission ratios.
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Figure 5.8: The maximum torque required to move an unloaded system from output to
input.
5.3.3 Modeling Force Transmission
The overall torque measured experimentally to move the unloaded system from the
input to the output and reversely were reported in Figures 5.7 and 5.8. The modeling
discussed in the methods was used to calculate the losses in the hydraulic system.
The superposition of the calculated hydraulic losses and the experimentally measured
mechanical losses in joints and cylinders are shown in Figure 5.9 for the input to output
and in Figure 5.10 for output to input.
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Figure 5.9: The modeling results for the maximum torque required to move an unloaded
system from input to output.
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Figure 5.10: The modeling results for the maximum torque required to move an unloaded
system from output to input.
The force-velocity dependency for both cases matches the experimentally measured
data reported in Figures 5.7 and 5.8.
5.4 Discussion
The mechanical friction at both joints is shown in Figure 5.5. The torque at the output
angle that only had two identical cylinders and pulleys was consistent through the range
of motion. However, the torque at the input with four cylinders and pulleys increased
with the angle. The inconsistency in the performance of the input joint affected the
overall transmission’s performance. Multiple errors cause the system to not accurately
meet the Equation 4.7 (1TJ = 0). The Jacobian J was dependant on the cylinders’
effective areas and pulleys’ diameters. A geometry error in the manufacturing of the
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diaphragms, cylinders, and pulleys and possible misalignment of each pulley and cable
pair are some of the reasons for the springiness of the input joint.
The loss in the force transmission from input to output comes from the mechanical
joints, rolling diaphragm cylinders, and the hydraulic circuit. The torque required to
move the unloaded system should match the error in force transmission of the loaded
system. This can be seen in Figure 5.6 as the error between the ideal output and the
experimental output closely match the torque required to move the unloaded system
(grey solid line). The objective of refining the system is to minimize this error or the
loss in the unloaded system (to drop the grey solid line to zero).
Figures 5.7 and 5.8 illustrates the damping in the system as the torque depends on
the speed of manipulation. The configuration setup used for three different transmission
ratios is similar for both figures. For example, for both the cases of transmission ratio
of 1:1.5 in Figure 5.7 and transmission ratio of 1:0.7 in Figure 5.8 the speed of the joint
with two cylinders was 1.5 times the speed of the joint with four cylinders on. The
angular velocity of the joint with four cylinders (eight valves were used on this side of
the transmission) at slow and fast speeds were 5 and 80 deg/s in Figure 5.7. However, in
Figure 5.8, the speed of the joint with two cylinders (no valves were used in this side of
the transmission) at slow and fast speed were 5 and 80 deg/s. The effect of the pressure
drop across the valves can be seen here as the higher force, and velocity dependency
can be seen in cases that higher speeds were at the fluid lines with valves (comparing
transmission ratio of 1:3.4 from input to output and 1:0.3 from output to input).
The superposition of the hydraulic losses and mechanical joint friction reported in
Figures 5.9 and 5.10 closely matched the results experimentally measured and reported
in Figures 5.7 and 5.8.
5.5 Conclusion
The force transmission for the system was tested and modeled in this chapter. The
difference between the applied torque at the input and the measured torque at the output
closely matches the friction of an unloaded system. The torque-position relationship of
the input joint with four cylinders and pulleys is not consistent, and that inconsistency
proceeds to the device’s efficiency. The output with two cylinders has an invariable
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torque-position performance. Component manufacturing with a higher accuracy could
improve the system efficiency.
A hydraulic analogy based on Kirchhoff’s law was used to model the loss in the
hydraulics system. A superposition method for the modeled hydraulic loss and exper-
imentally measured loss at joints was used to find the maximum torque required to
overcome the loss of an unloaded system. An experimental test on the torque required
to move the unloaded system at different velocities verifies the model described. Valves
with relatively small orifice sizes affect the system’s dynamic performance as the small
orifice size increases the damping of the system. The lower velocity dependency can
be seen at output lines with no valves compared to the input with eight valves. The
model described matched the experiments and can be used to evaluate any variable







Conventional rigid body robots are used in human-robot interaction; however, they
lack conformality, and the rigid links and joints make them unsafe for interaction with
human beings. Softness and compliance enable biological systems to safely interact
with the environment, and this compliance is found in soft robots [98]. Pneumatic
and hydraulic soft bending elastomeric actuators with flexible embedded materials are
promising options for robotic applications because they are light and can be controlled.
One application of a soft robot is manipulating objects, for example, remote manip-
ulation in a leader-follower configured puppet or surgical robot. This keeps a human
in the loop, which is a safer mode of manipulation than completely automatic control
[99]. Pneumatic soft robots were used in an active hand to copy the motion of a leader
to achieve different grasps [100]. Here, the fingers were actuated and controlled using a
pneumatic pump connected through on-off valves. In two other studies, tendon-actuated
hands were designed to mimic the human hand using servo motor actuation [101, 102].
A low-profile haptic glove using electrostatic brakes was proposed with the glove capable
of generating up to 20 N per finger to allow haptic feedback in a VR grasping task [103].
A realistic and complex design can lead to artificial limb regeneration; however, a
more straightforward design can help to achieve an uncomplicated actuation method
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in addition to reasonable haptic feedback from a soft hand. Hydraulics can bring both
actuation and haptic features in one intuitive setup.
Due to the high power density of hydraulics, hydraulic soft fingers can be used to im-
plement a lightweight hand with independent movement in each finger. The advantages
of hydraulics over pneumatics, including high power to weight density, low backlash, and
incompressibility, are evident in a passive closed system.[104] A hydraulic transmission
was described in previous chapters for a rigid leader-follower robot. Furthermore, it was
concluded that the friction in rolling diaphragm cylinders is low compared to traditional
o-ring cylinders for low-pressure applications. As discussed before, one of the main ap-
plication of the leader-follower robot is human/robot interaction. The system provided
high-bandwidth haptic feedback to the operator. This haptic information allows for
high-quality human-robot interaction. Replacing the follower side of the transmission
with a soft robot makes it more conformal; however, the compliance of the soft robot
can decrease the bandwidth and haptic feedback that the operator gets from the follower
side, reducing its utility for puppeteering. For example, previous bending soft robots
used in grasping hands had low stiffness and bandwidth due to their fully elastomeric
structure [100, 105, 106].
People find a robot to be more trustworthy if the robot is more human-like [107].
Therefore, to make the appearance and motion of a soft robot finger match that of a
human finger, the stiffness and natural frequency of the soft robot must be increased.
Placing a strain-limiting layer on one side of a bending soft robot or wrapping it with a
thread are examples of restrictions that make a soft robot more controllable [108]. The
material properties of the elastomer, geometry of the soft robot, and wrapping thread
pitch and angle all affect the pressure required to reach a specific angle [109]. For
example, the actuation pressure to attain 360-degrees of rotation for a 160 mm fabric-
reinforced bending soft robot is about 250 kPa (35 psi) [109]. The pressure required to
actuate a soft robot in a leader-follower grasping hand must be low enough to enable
smooth and comfortable actuation by the operator. The soft robot can be made with
a softer elastomer to decrease the actuation pressure; however, the robot’s stiffness will
decrease. One method for increasing stiffness is to add a sleeve over the soft robot
finger, which does increase the stiffness but comes at the expense of higher actuation
pressure [110]. Hence there remains a need for a bending soft robot with high stiffness
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and low actuation pressure.
Our approach to solving this problem is to embed rigid structures into a fiber-
reinforced bending soft robot finger to increase stiffness and natural frequency and add
motion controllability to the device without increasing the actuation pressure. We call
this a bone-inspired soft robot.
To demonstrate the capability of bone-inspired soft robots, we designed, built, and
evaluated a leader-follower puppeteering robot (Figure 6.1). This passive puppet con-
tains hydraulic transmissions that couple each leader finger with its corresponding fol-
lower finger, with a rolling diaphragm cylinder in the leader finger. The four-fingered
puppet hand can interact with other humans and can perform several grasps and ges-
tures, all with a relatively simple design. As shown in the figure, different shapes of
objects were used to understand how well the puppet’s hand could grasp. In operation,
the puppeteer was able to feel if any of the fingers were engaged with the object and
was also able to gain a general sense of the object’s shape.
While we have used the puppet for demonstrations to fully take advantage of bone-
inspired soft robots, mathematical models that describe this unique structure are needed
to create new designs that optimize static and dynamic performance. The development
and validation of these models was the objective of the study, whose results are reported
in this chapter.
Static evaluation of traditional bending soft robots has been previously studied to
provide force and angle as a function of actuation pressure [109] and force as a function
of the input volume [111]. Some analyses of the dynamic performance of soft robots
have also been conducted. For example, a one-DOF mass-spring model was used to
conduct a dynamic characterization of a soft robotic arm equipped with pneumatic
artificial muscles [112], and a 2-DOF mass-spring-damper system was used to model
an earthworm-inspired soft crawling robot [113]. Another study modeled the natural
frequency of a single-link soft finger using finite element analysis and found the lowest
natural frequency for the finger to be about 2.5 Hz [114]. Low natural frequency leads
to a problematic resonance in many applications, including puppeteering.
Still, another study used a model to predict the trajectory taken by the tip of a fiber-
reinforced soft bending robot that was sectioned into several segments with different
fiber arrangements [115]. The trajectory was predicted using the models suggested for
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Figure 6.1: leader-follower hand puppet made with bone-inspired soft robot fingers. (a)
Front view of the hand and puppeteering glove. (b) Side view of the hand in the closed
pose. (c) Small soft doll grasping with two fingers. (d) Large soft doll grasping with
four fingers. (e) Wooden ball grasping with two fingers.
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extension, expansion, bending, and twist segments [115]. The trajectory prediction
for bone-inspired soft robots suggested here is a simpler trajectory planning method
controlled by the segments’ lengths.
The following sections describe how to fabricate a bone-inspired soft robot, the
development and experimental validation of a second-order mass-spring-damper model
to describe bone-inspired soft robot dynamics, and the development of a geometric
model combined with the trajectory model of a traditional bending soft robot describing
bone-inspired soft robot trajectories.
6.2 Methods
6.2.1 Bone-Inspired soft robot manufacturing process
The manufacturing process for a bone-inspired soft robot (Figure 6.2) is a modified
version of the process for making conventional fiber-reinforced bending soft robots as
described in the soft robotic toolkit.[108] The bones (with an elastic modulus of 2300
MPa) were placed on a half-round, which in turn was placed inside a mold, and elastomer
(Smooth-On Dragon Skin 10 Medium, with an elastic modulus of 150 kPa) was added
to cure. A strain-limiting fiberglass cloth was glued to the flat side of the elastomeric
half-round tube to restrict extension. The tube was wrapped with 0.36 mm diameter
Kevlar thread to restrain the radial strain. The bone areas were fully wrapped to seal
the gap between the bone and elastomeric skin from the pressurized fluid. Without this
wrapping, the elastomer on the top of the bone can separate and bulge at high pressure.
The wrapped tube was placed into a second mold, and elastomer (Smooth-On Dragon
Skin 10 Medium) was added to form a thin skin. The rod was removed, and one end
of the tube was plugged with a stiffer elastomer (Smooth-On Dragon Skin 30, with an
elastic modulus of 590 kPa). A vented screw was installed and sealed using silicone
glue (Smooth-On Sil-Poxy). Finally, the opposite end of the tube was plugged with the
stiffer elastomer and sealed with glue. A covering skin formed from a heat-shrink tube
can be optionally applied for the final appearance of the finger.
In addition, a four-finger puppeteering hand was fabricated from bone-inspired
robots and additional 3D-printed structures (Figure 6.1). A hand pump was used to
pre-pressurize the fingers, and manual switching valves were used to isolate each finger
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Figure 6.2: Manufacturing process for constructing a bone-inspired soft robot. (a) Place
plastic bones on the half-round rod. (b) Place the rod on the mold and add elastomer.
(c) Keep the mold upright to cure. (d) Add fiberglass cloth to the flat side and wrap
the soft tube with Kevlar thread. (e) Repeat steps 2 and 3 with the second mold to
add skin. (f) Remove the rod and plug one side of the tube. (g) Add the vented screw
as the fitting and plug the other side. (h) Add the shrink tubes to the bone areas for
the final appearance.
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Figure 6.3: Hydraulic circuit for the puppeteering hand.
(Figure 6.3). Four rolling diaphragm hydraulic cylinders were placed in the leader glove
operated by the puppeteer, with each hydraulic cylinder actuating its corresponding
soft finger.
Bone configurations
Figure 6.4 shows four bending soft robots fabricated for performance testing: (1) A
regular fiber-reinforced bending soft robot with no bones (NB). (2) A bone-inspired soft
robot with three bones with the shortest bone as the first bone and longest at the end
(3B, SBF). (3) A bone-inspired soft robot with three bones with the longest bone as
the first bone and shortest at the end (3B, LBF). (4) A bone-inspired soft robot with
four bones embedded to mimic human’s finger (4B).
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Figure 6.4: Bone configuration in four bone-inspired soft robots. No bone (NB), 3-bone




A displacement test machine (ElectroForce 3200) was attached to the rolling diaphragm
cylinder rod to control the position of the piston (Figure 6.5 (a)). The initial pressure
of the system was set using a water or air pump. Reflective markers were placed on
the base and the tip of the finger to measure the tip-to-base angle, and the motion was
captured using a video camera. The piston was lowered by the test machine at a constant
velocity (2 mm/s) to increase the pressure and angle. A 690 kPa pressure transducer
(SSI Technology, P51-100-G-B-I36-4.5V-000-000) was used to measure pressure while
the piston displacement was recorded by the test machine. The stiffness of four bending
soft robots was estimated by the best-fit line of the force-displacement data.
Natural frequency
A sinusoidal movement of the test machine resulted in an approximately sinusoidal
pressure and movement of the finger. It was used to find the frequency response of the
142
Figure 6.5: (a) Bending soft robot actuated with a cylinder. (b) Equivalent mass-spring-
damper system.
four bending soft robots. The test was performed at frequencies from 0.5 to 7 Hz at 34
and 69 kPa pre-pressures.
Trajectory
To validate a model for finger trajectory with applied pressure (model described below),
the trajectory of the fingertip was measured using the experimental setup shown in
Figure 6.5 (a). The cylinder was attached to a displacement test machine to modulate
the pressure. The flowrate was fixed by the displacement of the input cylinder and set
to be at 0.2 cc/s. Since the model does not account for gravity, the soft robot finger was
placed horizontally on a Teflon-wrapped plate lubricated with mineral oil to lower the
friction and remove forces associated with the gravity. Reflective markers were placed
at every corner of the bones, and the motion was captured with a video camera. A
pressure transducer was used to measure the pressure.
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6.2.3 Stiffness and natural frequency model
A second-order mass-spring-damper system was used to model the soft robot and cylin-
der circuit (Figure 6.5). Displacement X2 is translational and X
′
1 is rotational. The














where K1 is the finger stiffness, K2 is the fluid stiffness, P is the pressure, A is the rolling
diaphragm cylinder effective area, and α is a coefficient that transforms translational to
rotational displacement. A least squares method based on experiment data was used to
estimate an α to have a similar fluid stiffness for air or water in all the tests.
The equivalent translational mass for M1 was calibrated using Equation 6.3, which
is a linear superposition of the finger mass (M
′
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where αM and βM are scalers needed to transform between rotational and translational
units, and I is the relative weight of the two masses.





M1S2 + (C1 + C2)s+ (K1 +K2)
(6.4)






Values for I, αM , and βM were estimated from experimental data using the least
squares method for the natural frequency shown in Equation 6.5. The assumptions
for the stiffness and natural frequency model include linear stiffness for the joints and
lumped mass for the fluid and the soft robot. The gravity was neglected in this model.
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6.2.4 Trajectory model
A three-link rigid body model was used to analyze the movement of the bone-inspired
soft robot. As shown in Figure 6.6, θ is the joint angle, L′ is the bone length, L′′ is a
length that varies with θ, and L is the length of the equivalent link in the rigid body
robot. The tip coordinates are X and Y , which can be calculated by the rigid body
robot equivalent as shown by Equations 6.6 and 6.7.
X = L2sin(θ1) + L3sin(θ1 + θ2) (6.6)
Y = L1 + L2cos(θ1) + L3cos(θ1 + θ2) (6.7)


































where h is the outer radius of the soft joint.
The model developed by Polygerinos et al. [109] was used to predict the joint angle


















2sin(φ) + b(a+ τ))Ldφ)dτ (6.13)






Figure 6.6: (a) Geometry for a 3-bone bending soft robot. (b) Equivalent rigid body
structure for a 3-bone bending soft robot.





R+ b+ sin(φ)(a+ τ)
R
(6.16)




where t is the thickness of the top surface, b is the thickness of the bottom, and a
is the cross-sectional radius of the semicircular finger. The coefficient µ̄ depends on
material properties and wrapping geometry, including pitch and wrap angle, and was
found through calibration. Equations 6.12 to 6.17 must be solved numerically to find
the bending angle at each pressure since there is no closed-form solution for the integral
in Equation 6.13. Constant curvature was assumed for the trajectory model.
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6.3 Results
6.3.1 Bone-Inspired soft robot performance
Figure 6.7 shows the experimental frequency response of four bending soft robots using
water and air as the working fluid. Figure 6.7a illustrates the frequency response of
bone-inspired soft robots using water and air. Figure 6.7b compares the experimental
frequency response of a bone-inspired soft robot to a traditional boneless soft robot.
Experimental phase angle responses are shown in Figure 6.7c, indicating that embedding
bones lead to higher damping and a lower phase shift compared to a soft robot without
bones.
6.3.2 Stiffness and natural frequency model
Parameters α, αM , βM , and I in Equations 6.2 and 6.3 were identified using the least
squares method based on the experimental data to be 120 (deg/mm), 4.58×10−5 (1/g),
5.22 × 10−6 (1/g), and 0.28 respectively. Figure 6.8a shows the natural frequency of
four bending soft robots using water and air. It compares the results from experiment
measurements with what was estimated by the natural frequency model, with model
parameters identified above. Figure 6.8b shows the stiffness estimated from the model
(Equation 6.2) for four bone-inspired soft robots with water and air as the working fluid.
6.3.3 Trajectory model
Figure 6.9 shows experiment and model data (Equations 6.12 to 6.17) for how angle
varies with the working pressure for both joints of two 3-bone fingers. The trajectory
model described above was fit to experimental results by sweeping µ̄ using the least
squares method. Geometric parameters t, a, b, and T were measured using calipers.
Parameters a, b, and T were measured to be 4.76 (mm), 4.6 (mm), and 12 (mm) for
both fingers and t was 3.5 (mm) for (3B, LBF) finger and 3.7 (mm) for (3B, SBF)
finger. Parameter µ̄ was estimated to be 58 and 53 kPa for the (3B, LBF) and (3B,
SBF) fingers respectively.
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Figure 6.7: (a) Experimental frequency responses of two 3-bones long-bone-first (3B,
LBF) and short-bone-first (3B, SBF) bending soft robots using water and air at 34
kPa. (b) Frequency response of a bending soft robot with no bone (NB) and a 4-bones
long-bone-first (4B, LBF) bending soft robot using water at 34 and 69 kPa. (c) Phase
responses of four bending soft robots (with no bones, 3-bones long-bone-first, 3-bones
short-bone-first, and 4-bones long-bone-first) with water at 34 kPa. The data shows
that bone-inspired fingers have higher natural frequencies.
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Figure 6.8: (a) Model and experimental natural frequency of four bending soft robots
with water and air. (b) Estimated bending soft robots stiffness with water and air
as calculated from the mass-spring-damper model. The data shows that bending soft
robots with bones are stiffer.
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Figure 6.9: Model and experimental results for the angle of long and short soft joints
in (a) 3-bones long-bone-first and (b) 3-bones short-bone-first bending soft robots.
Figure 6.10 shows the experimentally measured and model estimated (Equations
6.6 and 6.7) tip trajectories for two 3-bone soft robots for actuation pressures between
7 kPa and 90 kPa.
150
Figure 6.10: Predicted and experimental tip trajectory of a 3-bone long-bone-first and
a 3-bone short-bone-first bending soft robot fingers.
6.4 Discussion
Figure 6.7a shows that the natural frequency is approximately the same for air and
water. The water-driven fingers had a larger amplitude than the air-driven fingers due
to the incompressibility of water. For this reason, water is a better choice than air for
leader-follower applications such as puppeteering. In the simulation, keeping the mass
of the water constant while changing the stiffness to the stiffness of the air changed the
natural frequency by 2 percent. Likewise, keeping the stiffness of the water constant
while changing the mass of the water to the mass of the air changed the natural frequency
by 15 percent. Therefore, we conclude that the natural frequency of the overall system
is dominated by the mass and stiffness of the materials used in the bone-inspired soft
robot and not by the properties of the working fluid.
Figure 6.7b shows that the natural frequency of the robot with bones is higher,
which means bone-inspired robots can respond more quickly to inputs. This figure
also illustrates that the natural frequency is not affected by the preload pressure of the
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working fluid as the natural frequency is about the same for 34 and 69 kPa preload
pressures.
Figure 6.8 shows the the modeled and experimental natural frequencies and stiffness
for different cases. The difference in natural frequency between the two ranges from 1 to
18 percent for all configurations. This difference is likely accounted for by manufacturing
variations and the model assumptions, including the linearity of the stiffness.
The model results show that bending soft robots with bones are stiffer. The differ-
ence in finger stiffness when air and water were used shown in Figure 6.8b is less than
11 percent, validating the model shown in Figure 6.5. Manipulating the puppet also
brought out another benefit of the bone-inspired architecture because the embedded
bones almost eliminated undesired out-of-plane movement (Figure 6.11). Experiments
must be conducted to determine key parameters to model any specific physical realiza-
tion of a bone-inspired robot finger, which can certainly be done if the designer wishes
to explore the performance of their bone-inspired finger through computer simulation.
The main purpose of the stiffness and natural frequency model is not to show the per-
formance of any particular bone-inspired robot finger but rather to reveal the major
principles of the bending soft robots, which hold for all design variations.
The difference between µ̄ calculated from model and experiment shown in Figure
6.9 comes from the different thread wrapping angle and pitch that results from a hand
fabrication process that did not have precise manufacturing quality control.
The path trajectory model holds for any physical realization since it only depends on
the length of the segments and needs no experiments to set key parameters. Therefore
the path stays the same for any actuation speed; however, the range of motion along
the path does change with actuation frequency and with the properties of the elastomer
as described in Equations 6.12 to 6.17. Figure 6.10 illustrates how the trajectory paths
differ for the same sized bone-inspired fingers but with the order of the embedded bones
reversed.
6.5 Conclusion
Adding the bones into the bending soft robots increases stiffness, damping, and con-
trollability by increasing the natural frequency and decreasing the resonance peak and
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Figure 6.11: The embedded bones reduces the out-out-plane movements.
phase shift. Motion planning is achievable by embedding bones into the bending soft
robots. Smooth actuation and sensible haptic feedback were achieved using a four-finger
leader-follower puppet constructed using low-friction rolling diaphragm cylinders in the
leader and bone-inspired bending robot fingers in the follower.
The dynamic performance of bending soft robots was the same for water and air as
the working fluid; however, a higher response was seen for water, which means water
is the preferred working fluid. The natural frequency did not change with the nominal
pressure of the working fluid; however, a higher amplitude response was seen for higher
pressures, which means the soft robot should be pre-pressurized to the highest feasible
pressure.
A second-order mass-spring-damper system was used to model the cylinder-soft
robot closed system. As with the experiments, the model showed the finger stiffness
was similar using air or water. Further, the trajectory model could predict tip paths
with reasonable accuracy. The models presented in this paper reveal the general prin-





The research studies conducted in this dissertation evaluated the concept of a low-
friction and efficient variable hydraulic transmission to be used in wearable robots
through analytical modeling and experimental validation. A variable hydraulic trans-
mission can be used in any wearable and teleoperated embodiment, from rehabilitation
and surgical robots to puppeteering and assistive robots. My contributions in this work
are in three major areas:
1- To introduce efficient components and validate the performance through analytical
modeling.
2- To present a variable hydraulic transmission with high performance and models
to describe the multidisciplinary system.
3- To evaluate the performance of the soft robotic embodiment in a passive trans-
mission through analytical modeling and experimental validation.
In chapter 1, a body-powered wearable robot (BPWR) was defined, and state-of-the-
art in the wearable and BPWR was discussed. The applications of a variable hydraulic
transmission were reviewed, and multiple examples of such embodiment were presented.
In chapter 2, the components required for a variable hydraulic transmission were
proposed. Multiple research studies were conducted to provide a better perspective into
the performance of actuators and valves. A manufacturing method for a long-stroke
rolling diaphragm cylinder was presented. I reported volume and force performance
evaluation on hydraulic actuators in this chapter. Consistent performance was achieved
in the long-stroke rolling diaphragm cylinder with a 2 to 5 percent friction to load.
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I reviewed all possible valve architectures for the system and proposed an analytical
model to predict the valve friction in actuation. The model was used to find a valve
embodiment with low pressure drop, fast response time, and low switching required
energy. A proposed valve design was described in this chapter to be used in the variable
hydraulic transmission testbed.
In chapter 3, the proposed actuators were used in an antagonist hydraulic transmis-
sion. I introduced a design with a long range of motion and high torque capability using
long-stroke rolling diaphragm cylinders. Performance evaluation tests were conducted
on friction, stiffness, tracking capability, etc. Results demonstrated the importance of
the preload pressure in the system. The impulse time delay decreased, and the stiffness
and transmitted power were increased significantly by increasing the preload pressure
from 70 to 275 kPa.
In chapter 4, a variable hydraulic transmission design was proposed with 14 unique
transmission ratios. The number of unique transmission ratios can increase to 67 by
adding another pair of cylinders to the output with the same design. I conducted
multiple performance evaluation tests on the system, and less than 3 percent of error
was found in position transmission. The acceleration bump at the input and output
was controlled by sequencing the valve actuation. Adequate haptic performance was
reported for multiple transmission ratios.
In chapter 5, the variable hydraulic transmission was modeled to provide a system-
level perspective. I used a hydraulic analogy to model the hydraulic friction through the
system for multiple transmission ratios and configurations. The velocity dependency of
the system and solutions to decrease that were discussed in this chapter. A superposition
method of mechanical friction and hydraulic friction was performed and validated with
experimental tests.
In chapter 6, the output of an antagonist hydraulic transmission was replaced by a
bending soft robot. I introduced a bone-inspired bending soft robot to increase the stiff-
ness and natural frequency of the traditional bending soft robots. I proposed a model to
reveal the natural frequency and stiffness of bending soft robots and a geometrical model
to predict the motion trajectory of the bone-inspired bending soft robots. I experimen-
tally validated the dynamic and geometrical models and illustrated the similarity of the
dynamic performance of the soft robots in a passive transmission in the case of using
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air and water.
For future research, a new custom design for the valves needs to be explored deeply
to provide zero pressure drop capability. This would eliminate the velocity dependency
of the device to perform smoothly in any circumstances. An improvement in the design
of the translational to rotary converting mechanism is necessary, and that would de-
crease the springiness of the joints and consequently the system’s hysteresis. The haptic
performance of the device at various transmission ratios needs to be investigated. The
improvement in terms of the valve and actuation performance increases the haptic qual-
ity. Future research should include a comprehensive investigation of the valve sequence
pattern to decrease the settling time and acceleration bump at the transmission switch.
Furthermore, an exploration of the control theories in valve actuation would be helpful
to allow a smoother transmission switch.
The wearability of this variable hydraulic transmission is another aspect that needs
to be explored in the future. The small, lightweight, and conformal design of the
actuators and the valve package are the two vital tasks for this purpose. The design
for the rehabilitation robot can achieve both the clinical and take-home versions. The
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